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CARVER MEAD I NTERV I EW
By : Gene Youngb l ood
(Documen t 1 o f 4 o f Mead I n t e r v i ew)

GENE : The progr ess i on t owa rd a speed / powe r i nve r s i on has been happen i ng con t i nuous l y s i nce 1959 when
t he i n t egr a t ed c i r cu i t was i nven t ed and ye t t oday we s t i l l can ' t bu i l d a supe r compu t e r t ha t doesn ' t r equ i r e
ac r es o f f r eon t ubes f or coo l i ng .

CARVER : Oh yes you can . I t ' s j us t t hey ' r e no t do i ng i t . You see t he prob l em has been t wo f o l d . One , as t he
t echno l ogy deve l oped t he b i g compu t e r peop l e - - t he Amdhah l s and t he Cr ays - - s t ayed w i t h t he o l de r b i po l a r ga t e
a r r ay t echno l ogy . They haven ' t pa r t i c i pa t ed i n t he r evo l u t i on . Now t he sem i conduc t or guys don ' t know much abou t
compu t e r s so t hey ' ve cop i ed a bunch o f anc i en t a r ch i t ec t ur es . So wha t we have i n t he pe r sona l compu t e r s i s c r eaky
o l d a r ch i t ec t ur es w i t h t h i s wonde r f u l t echno l ogy . So t he peop l e dr i v i ng t he t echno l ogy don ' t know any t h i ng abou t
sys t ems and t he peop l e who have bu i l t t r ad i t i ona l l a rge compu t e r sys t ems haven ' t pa r t i c i pa t ed i n t he t echno l ogy
r evo l u t i on . Supe r compu t e r s a r e an ex t r eme l y i ne f f i c i en t use o f powe r and space . They j us t bru t e - f or ced i t . They sa i d
we ' r e no t go i ng t o use any c l eve rness a t a l l , we ' r e j us t go i ng t o pour t he coa l t o i t and see how f as t we can make i t
run . So t hey j us t t urn up t he knob and go f or i t . And you end up w i t h t hese g i an t s t eam eng i nes t ha t b l ow o f f a l l t h i s
hea t . I t doesn ' t make any sense a t a l l f rom any po i n t o f v i ew . Bu t , you see , t he s i t ua t i on i s ac t ua l l y much be t t e r t han
t ha t . And t ha t ' s t he pa r t nobody coun t s . I mean i f you t ake t oday ' s t echno - l ogy and use i t t o do a r ea l l y nove l
a r ch i t ec t ur e you can ge t a f ac t or o f 10 , 000 r i gh t now . Today . Bu t you don ' t do i t by runn i ng t he c l ock t ha t f as t . You
do i t t hrough pa r a l l e l i sm . The r e ' s a l o t mor e t o be ga i ned t hrough a r ch i t ec t ur e t han t he r e i s i n c l ock speed . You can
ge t 10 GHz ou t o f a pa r a l l e l a r r ay o f 10 MHz c l ocks .

GENE : Bu t a r en ' t t he r e se r i ous prob l ems w i t h so f t wa r e f or pa r a l l e l a r ch i t ec t ur es? The r e seems t o be
con t rove r sy whe t he r schemes l i ke da t a f l ow and f unc t i ona l progr amm i ng can ac t ua l l y ove r come t he
commun i ca t i on prob l ems .

CARVER : As l ong as you ' r e t a l k i ng so f t wa r e you ' r e m i ss i ng t he po i n t . Because you ' r e t h i nk i ng o f some t h i ng
progr ammab l e . And t hose schemes w i l l neve r wor k ou t i n t e rms o f enormous pa r a l l e l i sm . Tha t ' s why I t h i nk t h i s
supe r - compu t e r t h i ng w i l l t urn ou t t o be a ne t l oss t o our coun t r y . Because t hey ' r e s t i l l c l i ng i ng t o t he be l i e f t ha t
we ' r e go i ng t o make progr ammab l e h i gh l y pa r a l l e l mach i nes . I wor ked on t ha t f or a l ong t i me and f i na l l y came t o
t he conc l us i on t ha t i t j us t wasn ' t go i ng t o make i t . You we r e go i ng t o ge t f ac t or s o f t en or a hundr ed and t ha t was t he
end o f i t . We l l t ha t ' s no t enough . We need e i gh t or n i ne orde r s o f magn i t ude t o do t he k i nds o f t h i ngs we wan t t o do
w i t h compu t e r s t oday . The r e ' s f ac t or s o f a m i l l i on t he r e i f you do i t r i gh t . Bu t f or t ha t you can ' t sepa r a t e t he
a r ch i t ec t ur e f rom t he a l gor i t hm . You have t o bu i l d t ha t a l gor i t hm i n s i l i con , no t progr am i t somehow . I t h i nk t hey ' d
be t t e r be f ac i ng s t r a i gh t i n t o t he f ac t t ha t t he r e a r e ded i ca t ed a r ch i t ec t ur es f or t hese enormous t asks .

GENE : Wha t do you ca l l t he k i nd o f a r ch i t ec t ur e you ' r e t a l k i ng abou t ?

CARVER : I ca l l t hem s i l i con a l gor i t hms . You j us t map t he app l i ca t i on r i gh t i n t o s i l i con . And t he t echno l ogy f or
do i ng t ha t we unde r s t and pr e t t y we l l . I don ' t mean we ' ve wor k - ed i t a l l ou t . Bu t we ' ve deve l oped t he t echno l ogy f or
t ak i ng h i gh - l eve l desc r i p t i ons and pu t t i ng t hem on s i l i con . I t ' s ca l l ed s i l i con comp i l a t i on , wh i ch i s t he obv i ous nex t
s t ep . You need t o comp i l e t h i ngs r i gh t down i n t o t he ch i p i ns t ead o f comp i l i ng t hem i n t o some code t ha t you f eed t o
t h i s g i an t mass o f ch i ps t ha t gr i nds away on i t t r y i ng t o i n t e rpr e t i t .

GENE : So t he s i l i con comp i l e r so l ves no t on l y t he comp l ex i t y prob l em bu t a l so t he prob l em o f mass i ve l y
pa r a l l e l a r ch i t ec t ur es by a l l ow i ng us t o expe r i men t w i t h t he ded i ca t ed ha rdwa r e t ha t a l one can r ea l i ze t he f u l l
po t en t i a l o f t ha t a r ch i t ec t ur e .

CARVER : You be t . O t he rw i se t he r e ' s no hope . Because t hen you ' r e s t uck . I f i t t akes f i ve yea r s t o des i gn a ch i p
nobody ' s go i ng t o expe r i men t w i t h a l gor i t hms i n s i l i con , r i gh t ? Because i t t akes yea r s t o ge t anyp l ace . And t ha t ' s i n
se r i es w i t h your l ea rn i ng cur ve . So you have t o have a t echno l ogy f or expe r i men t i ng w i t h des i gns i n s i l i con mor e
r ap i d l y t han t ha t .
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GENE : Then m i c roe l ec t ron i cs and compu t e r sc i ence have become synonymous .

CARVER : They have t o . You see , t he t h i ng t ha t a l l owed peop l e t o sepa r a t e t he mach i ne r y o f compu t i ng f rom t he
pr ac t i ce o f compu t i ng - - ha rdwa r e f rom so f t wa r e , i f you l i ke - - was t he i dea t ha t wha t compu t e r s d i d was a
sequen t i a l process . The o l d Tur i ng or Von Neumann i dea . Once you s t a r t t o do t h i ngs i n a h i gh l y concur r en t way
you can ' t sepa r a t e t he a l gor i t hm f rom t he a r ch i t ec t ur e any mor e . You ' r e con f ron t ed w i t h t he necess i t y o f mapp i ng
c l asses o f app l i ca t i ons d i r ec t l y i n t o s i l i con . The r e ' s no such t h i ng any mor e as t he gene r a l purpose progr ammab l e
mach i ne when i t comes t o r ea l l y h i gh bandw i d t h compu t i ng - - wh i ch i s t he on l y r eason you need concur r en t
process i ng i n t he f i r s t p l ace . So t ha t doesn ' t mean Von Neumann mach i nes w i l l go away ; t hey ' l l be used as gene r a l
purpose con t ro l l e r s f or t hese spec i a l purpose i ns t rumen t s . The use r has t o t a l k t o some t h i ng t ha t ' s cohe r en t , t ha t has
a l anguage and an ope r a t i ng sys t em and so f or t h . Bu t i ns t ead o f t ha t poor l i t t l e t h i ng t r y i ng t o execu t e a l l t hose
i ns t ruc t i ons , you ' r e go i ng t o have spec i a l - purpose eng i nes i t ca l l s upon t o do t hese enormous t asks . So you can t h i nk
o f t he ded i ca t ed ch i ps as ex t r eme l y capab l e i ns t ruc t i ons t ha t you ca l l f rom your pe r sona l compu t e r .

GENE : Wou l d a pe r sona l compu t e r based on one o f t he new 32 - b i t m i c roprocessor s be powe r f u l enough t o
con t ro l a such a h i gh speed eng i ne?

CARVER : Oh sur e . The ve r y f i r s t one o f t hose on t he ma r ke t i s t he S i l i con Gr aph i cs I r i s mach i ne w i t h t he
Geome t r y Eng i ne i n i t t ha t J i m C l a r k des i gned . I t ' s go t a 68000 t ha t con t ro l s an enormous gr aph i cs p i pe l i ne w i t h a t
l eas t 100 t i mes mor e compu t a t i on capab i l i t y , wh i ch neve r t he l ess i s a s l ave t o t he m i c roprocessor . The r eason , o f
cour se , i s t ha t one sma l l i ns t ruc t i on can cause an enormous amoun t o f wor k t o ge t done . So t he m i c roprocessor i s
used t o upda t e t he p i c t ur e .

GENE : Even w i t h ded i ca t ed ha rdwa r e t he r e ' s a commun i ca t i on prob l em i n any mass i ve l y pa r a l l e l
a r ch i t ec t ur e . So peop l e s t a r t t a l k i ng abou t wa f e r - sca l e i n t egr a t i on . I s wa f e r sca l e t echno l ogy necessa r y f or
h i gh l y concur r en t mach i nes?

CARVER : I t ' s no t essen t i a l bu t i t wou l d he l p a l o t . The r e a r e many d i mens i ons t o t he prob l em . Bu t essen t i a l l y
you ' r e r i gh t t ha t eve r y t i me you come o f f t he ch i p and have t o dr i ve a b i g w i r e i ns t ead o f t he k i nd o f w i r es you have
on t he ch i p , you pay f or t ha t i n speed . So t o t he ex t en t t ha t you can pu t t he w i r i ng on a wa f e r i ns t ead o f on a c i r cu i t
boa rd , t he t h i ng w i l l run t ha t much f as t e r and be t ha t much mor e cos t e f f ec t i ve . The prob l em i s nobody has ye t come
up w i t h a v i ab l e scheme f or t o l e r a t i ng t he f au l t s t ha t a l ways occur . None o f t he r edundancy schemes a r e v i ab l e ye t i n
t e rms o f e f f i c i en t use o f t he t echno l ogy . I t has no t a t t r ac t ed t he magn i t ude o f r esea r ch e f f or t t ha t i t ' s wor t h . I t h i nk
i t ' s a ve r y exc i t i ng a r ea . Bu t as an a l t e rna t i ve t o wa f e r - sca l e i n t egr a t i on you can a r r ange t he ch i ps as i s l ands o f
compu t a t i on whe r e t he l i nks be t ween t hem a r en ' t t oo huge . I t depends en t i r e l y on t he na t ur e o f t he a l gor i t hm . How
t i gh t l y connec t ed a r e t he c l umps o f compu t a t i on? You cou l d , f or examp l e , a r r ange t he i s l ands t o be synchronous and
whe r e t hey ' r e no t connec t ed t oo t i gh t l y use an asynchronous pro t oco l so you don ' t have t o l ock a l l t he c l ocks
t oge t he r . You ' d s t i l l have a f a i r l y sma l l box . So even i f you have t o go o f f ch i p you a r r ange i t so eve r y t h i ng t ha t ' s on
t he ch i p i s t i gh t l y connec t ed . Tha t ' s t he who l e game o f mak i ng concur r en t a r ch i t ec t ur es whe t he r you ' r e on a wa f e r or
no t . I t has t o be based on l oca l i t y . O t he rw i se t he w i r i ng mess j us t ge t s comp l e t e l y ou t o f hand . I nc i den t a l l y , t he br a i n
has t he same prob l em . Your cor t ex i s bas i ca l l y t wo - d i mens i ona l . I t ' s on l y a m i l l i me t e r t h i ck . Tha t ' s a l o t t h i cke r t han
a ch i p bu t i t ' s by no means a f u l l y connec t ed t hr ee - d i mens i ona l vo l ume . Peop l e t h i nk t ha t because t he br a i n i s
encased i n t h i s l i t t l e round t h i ng i t ' s t hr ee - d i mens i ona l . I t ' s no t . I t ' s t wo - d i mens i ona l , and i t ' s w i r ed i n a t wo -
d i mens i ona l way . I n f ac t t he r e a r e t wo l aye r s . The r e ' s t he gr ay ma t t e r on t op o f t he cor t ex wh i ch i s whe r e t he
process i ng happens , and t he r e ' s t he wh i t e ma t t e r on t he bo t t om ha l f o f t he cor t ex wh i ch i s whe r e t he w i r es a r e - - a
so l i d ma t o f w i r es abou t ha l f or one - t h i rd as t h i ck as t he cor t ex . Tha t ' s exac t l y wha t we have i n s i l i con excep t we
don ' t have qu i t e as many l aye r s o f t h i ckness . Bu t i t doesn ' t qua l i t a t i ve l y change t he na t ur e o f t he prob l em . And we ' r e
ge t t i ng mor e l aye r s f as t e r t han t he br a i n i s . So t he who l e i dea o f pu t t i ng pr i or i t y on l oca l i t y i s as t rue i n t he br a i n as
i n a ch i p .

GENE : Ar e s i l i con comp i l e r s based on a r t i f i c i a l i n t e l l i gence? Ar e t hey expe r t sys t ems?

CARVER : You cou l d t h i nk o f t hem as expe r t sys t ems , i f you l i ke , i n t he sense t ha t t hey cap t ur e t he expe r t i se o f t he
des i gne r s , bu t t hey don ' t do i t by be i ng a r t i f i c i a l i n t e l l i gens i a ; t hey do i t because some r ea l l y sma r t peop l e wor ked
t he prob l em . S i l i con comp i l e r s a r e based on ord i na r y , o l d - f ash i oned , good sys t ems des i gn . Tha t ' s a who l e d i f f e r en t
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game . I n my op i n i on , a r t i f i c i a l i n t e l l i gence has done abso l u t e l y no t h i ng t ha t eve r he l ped anyone t o do a ch i p des i gn .
They may he l p i n t he f u t ur e bu t so f a r t hey haven ' t .

GENE : W i l l t he s i l i con comp i l e r become t he un i ve r sa l me t hod o f ch i p des i gn?

CARVER : Yes , f or h i gh l y concur r en t a r ch i t ec t ur es .

GENE : Rega rd l ess o f t he comp l ex i t y o f t he ch i p?

CARVER : We l l you s i mp l y can ' t i mp l emen t mos t o f t hese a l gor i t hms w i t hou t t he comp l ex i t y . The r e has t o be a
ce r t a i n sca l e o f i n t egr a t i on be f or e i t makes sense . Bu t yes , you ' r e go i ng t o need a s i l i con comp i l e r t o des i gn even a
Von Neumann - s t y l e ch i p a t t he comp l ex i t y l eve l o f VLS I Bu t once you have VLS I wha t ' s t o s t op you f rom do i ng
some t h i ng a who l e l o t mor e i n t e r es t i ng t han a Von Neumann compu t e r? Tha t ' s r ea l l y t he po i n t . Peop l e t a l k abou t t he
comp l ex i t y as t hough i t we r e a prob l em . I t ' s no t ; i t ' s an oppor t un i t y . We have t o t h i nk abou t i t as an oppor t un i t y f or
new i deas , no t as a prob l em t ha t has t o be ove r come so we can make one mor e Von Neumann compu t e r . Tha t ' s a
t e r r i b l e was t e o f a ve r y beau t i f u l t echno l ogy . And t ha t ' s wha t we ' r e see i ng r i gh t now . The s i t ua t i on i s ana l ogous t o
wha t happened i n n i ne t een t h cen t ur y Eng l and a f t e r Fa r r aday demons t r a t ed t ha t you cou l d make e l ec t r i c gene r a t or s
and mo t or s . The f ac t or i es o f t ha t day we r e l ong sheds w i t h huge s t eam eng i nes t ha t drove a ro t a t i ng sha f t t ha t r an
a l ong unde r t he r i dge po l e o f t he roo f w i t h b i g pu l l eys on i t and be l t s down t o a l l t he mach i nes . I f you wan t ed t o s t op
a l a t he you s l i d t he be l t f rom t he dr i ve pu l l ey on t o an i d l e r . We l l , when t hey bu i l t t he f i r s t e l ec t r i c mo t or s t hey bu i l t
enormous mo t or s and used t hem i n p l ace o f t he s t eam eng i ne . You s t i l l had t he sha f t and pu l l eys and be l t s . They
cou l d no t concep t ua l i ze t ha t t hey r ea l l y ough t t o have f r ac t i ona l hor sepowe r mo t or s d i s t r i bu t ed a round - - wha t we
now ca l l t he pa r a l l e l process i ng approach . Bu t t he o t he r t h i ng was t ha t o f cour se t hey cou l dn ' t a f f ord t o change
eve r y t h i ng . We l ook a t t ha t t oday and say we l l t ha t was r ea l l y dumb . Bu t i f you we r e l i v i ng back t hen you ' d
probab l y have a t housand a rgumen t s f or why i t was t he on l y sens i b l e t h i ng t o do . Tha t ' s whe r e we a r e t oday i n
compu t e r sc i ence . We have t h i s wonde r f u l t echno l ogy and we ' r e bu i l d i ng one mono l i t h i c compu t e r . And i f t ha t t urns
ou t t o be i ne f f i c i en t we ' l l make a b i g one on a ch i p . So t hey t a l k abou t m i c roma i n f r ames . I t r em i nds me o f a ca r t oon
o f t he boa rd o f d i r ec t or s i n De t ro i t and one o f t he d i r ec t or s i s say i ng " We l l , i f we have t o make a compac t , we ' l l
make t he b i gges t compac t i n t he i ndus t r y ! "

CARVER : The r eason I go t i n t o t he who l e sord i d a f f a i r f i f t een yea r s ago i s t ha t we as a cu l t ur e we r e s t a l l ed . The
r ea l l y sma r t i nnova t or s , who a r e a l ways t he l i t t l e guys , we r e unab l e t o ge t a t t he t echno l ogy . And t ha t ' s c r i m i na l .
And o f cour se t he b i g compan i es l i ked i t t ha t way . Because i t ' s f a t l azy com f or t ab l e , r i gh t ? Wh i ch i s why t hey don ' t
l i ke me . I ' m rock i ng t he boa t . Bu t t he i mpor t an t t h i ng t ha t has happened i s t ha t t he l i t t l e guy l i ke J i m C l a r k , one guy ,
can ge t a t i t and t urn t he who l e ma r ke t ups i de down . Tha t Geome t r y Eng i ne t ha t J i m C l a r k bu i l t i s a d i f f e r en t
a r ch i t ec t ur e bu t t he same i dea t ha t I proposed t o Dave Evans [o f Evans and Su t he r l and ] i n 1975 as pr ec i se l y t he
r i gh t t h i ng t o do w i t h t he t echno l ogy , name l y t o do t he t r ans f orma t i on and c l i pp i ng s t u f f . He r e was t he company t ha t
was supposed t o be l ead i ng t he way i n gr aph i cs unw i l l i ng t o do any t h i ng abou t i t . They cou l d se l l t hese megabuck
boxes , why d i d t hey need a cheap one t ha t d i d t he same t h i ng? F i na l l y J i m C l a r k d i d i t , s i x yea r s l a t e r .

GENE : As ea r l y as 1972 you we r e say i ng we ' d soon r each t he l i m i t s o f Von Neumann a r ch i t ec t ur e . And ye t
even t oday seve r a l mor e orde r s o f magn i t ude i n pe r f ormance can s t i l l be go t t en ou t o f t ha t a r ch i t ec t ur e
t hrough subm i c ron sca l i ng and i nc r eased compac t i on .

CARVER : Bu t you see t he Von Neumann mach i ne doesn ' t t ake ve r y good advan t age o f t ha t . For one t h i ng i t t r ea t s
a l l memor y as i f i t we r e equ i d i s t an t . I t makes eve r y t h i ng as ha rd t o ge t t o as eve r y t h i ng e l se . They t r y t o compensa t e
w i t h t h i ngs l i ke caches , whe r e t hey pu t some memor y c l ose r t o t he processor , bu t t ha t ' s a f t e r t he f ac t . I t ' s no t bu i l t
i n t o t he a r ch i t ec t ur e . So as a r esu l t Von Neumann a r ch i t ec t ur e ac t ua l l y wor ks aga i ns t i nc r eased compac t i on a t t he
ch i p l eve l . I t doesn ' t sca l e we l l a t a l l . I t ' s no t a way you ' d eve r des i gn a compu t e r i f you had VLS I t echno l ogy i n
m i nd . I f you wan t t o ge t t he f u l l bene f i t o f t h i s ma r ve l ous new t echno l ogy - - t h i s new med i um , i f you w i l l - - you
need a who l e new way o f t h i nk i ng abou t compu t e r a r ch i t ec t ur e . Eve r ybody v i ewed t h i s t echno l ogy as a cos t
r educ t i on mechan i sm f or t r ad i t i ona l des i gns i ns t ead o f as a new med i um w i t h wh i ch t o r ea l i ze new c l asses o f
a r ch i t ec t ur e . I ' ve spen t t he l as t f i f t een yea r s o f my l i f e t r y i ng t o ge t peop l e t o t h i nk i n a f r esh new way . And t hey
haven ' t been do i ng t ha t . The so l i d f undamen t a l wor k t ha t ' s necessa r y even t o unde r s t and wha t ' s sens i b l e t o do i sn ' t
be i ng pur sued i n ve r y many p l aces . I mean t he f undamen t a l l i m i t a t i ons wor k f rom an a r ch i t ec t ur a l and a l gor i t hm i c
s t andpo i n t , no t f rom a t echno l ogy po i n t o f v i ew . We ' r e i n pr e t t y good shape t echno l og i ca l l y . The r e ' s a l o t o f dep t h
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t he r e ac ross t he boa rd . Bu t i t ' s no t pa r a l l e l ed by s i m i l a r dep t h i n t he l ead i ng - edge sys t ems a r ea . We don ' t have good
peop l e i n eve r y ma j or depa r t men t a t eve r y ma j or un i ve r s i t y do i ng exce l l en t wor k on t he cu t t i ng edge o f a r ch i t ec t ur e
as we do i n dev i ce phys i cs and ma t e r i a l s r esea r ch . Bas i ca l l y t ha t ' s j us t s t a r t i ng t o happen now . The r e have been
some s i gns o f l i f e r ecen t l y , bu t t ha t ' s a f t e r f i f t een yea r s o f bea t i ng on i t .

GENE : You sa i d i n 1977 t ha t t he r e was an e i gh t - orde r - o f - magn i t ude poss i b i l i t y i n compac t i on o f i n t egr a t ed
c i r cu i t s - - po t en t i a l l y 100 m i l l i on t r ans i s t or s on a ch i p . How do t hose ea r l y pro j ec t i ons l ook t o you t oday?

CARVER : The or i g i na l ana l ys i s we d i d i n 1972 o f how sma l l you cou l d make dev i ces - - one qua r t e r o f a m i c ron - -
i s ho l d i ng up r ema r kab l y we l l . The ch i p s i zes have a l so been go i ng up , a l t hough s l ow l y . I n t ha t 1977 r epor t we we r e
t h i nk i ng o f a ch i p abou t a squa r e cen t i me t e r , approx i ma t e l y wha t t hey a r e t oday . So i f you sca l e t he dev i ces t o a
qua r t e r - m i c ron and en l a rge t he ch i p a r ea a l i t t l e mor e you can ge t a hundr ed - m i l l i on t r ans i s t or s on a ch i p . Tha t ' s
w i t h t he t echno l ogy t ha t ' s known t oday . The r e ' s no t a s i ng l e s t ep i n t he r e t ha t hasn ' t been proven f eas i b l e . You ' d use
i on - beam dr y e t ch i ng and X- r ay l i t hogr aphy . Tha t w i l l be done i n t he nex t decade . The r e shou l d be peop l e do i ng i t
now .

GENE : How much mor e compu t i ng powe r i s ava i l ab l e beyond t oday ' s t echno l ogy j us t by sca l i ng eve r y t h i ng
t o t he l i m i t s?

CARVER : I t depends on wha t you coun t . You can coun t compu t a t i on pe r un i t powe r or un i t a r ea . I t h i nk t he f a i r es t
t h i ng i s compu t a t i on pe r do l l a r . Wha t a r e you go i ng t o ge t f or your money i n t e rms o f cyc l es pe r second o f r ea l
compu t a t i on? F rom now on t ha t numbe r i s go i ng t o go rough l y l i ke t he squa r e o f t he sca l i ng . I dea l l y , when you
sca l e eve r y t h i ng t he speed / powe r produc t goes l i ke t he cube : sw i t ch i ng speed i nc r eases l i nea r l y as you sca l e down
and dens i t y goes up as t he squa r e . I f i t ' s t wo t o one i n d i mens i on i t ' s f our t o one i n dens i t y - - i f you r educe a
t r ans i s t or by a f ac t or o f t wo on each s i de , f our l i t t l e t r ans i s t or s now f i t whe r e t he b i g one used t o be . Bu t i n add i t i on
t o t ha t t hey ' r e runn i ng t w i ce as f as t . So eve r y t i me you go down a f ac t or o f t wo i n s i ze you ge t a f ac t or o f e i gh t - - a
f ac t or o f f our i n t he numbe r o f ga t es and a f ac t or o f t wo i n speed . Tha t says ga t e cyc l es pe r un i t a r ea goes l i ke t he
cube a l so . Bu t as you approach phys i ca l l i m i t s you don ' t qu i t e ge t t ha t f u l l cube l aw anymor e , wh i ch i s why I say
t ha t f rom now on i t ' s go i ng t o go l i ke t he squa r e . So i f we sca l e f rom , say , 1 . 25 down t o . 25 m i c ron , t ha t ' s f i ve t o
one , wh i ch i s 125 t i mes i n ga t e cyc l es pe r un i t a r ea and a l so 125 t i mes i n how much compu t a t i on you ge t pe r un i t
powe r ; i t ' s probab l y no t qu i t e t ha t good due t o approach i ng phys i ca l l i m i t s , bu t we ' l l ce r t a i n l y ge t a f ac t or o f 100 .
And r emembe r we ' r e no t r ea l l y a t 1 . 25 m i c ron ye t . I t ' s r ea l l y a 1 . 5 process t oday , and t ha t ' s on l y t he l ead i ng edge ;
t hr ee m i c rons i s t he s t anda rd produc t i on process i n t oday ' s comme r c i a l wor l d . So t ha t means we ' r e t a l k i ng abou t
ch i ps a t housand t i mes f as t e r t han t he ones i n t oday ' s pe r sona l compu t e r once we r each a l l t hose l i m i t s . And t ha t ' s
no t coun t i ng concur r en t ope r a t i on . A compu t e r w i t h a t housand o f t hose ch i ps runn i ng concur r en t l y wou l d be a
m i l l i on t i mes f as t e r t han t oday ' s mach i ne .

GENE : Wha t abou t t hr ee - d i mens i ona l ch i ps?

CARVER : These t h i ngs a r e bu i l t up i n l aye r s and i n pr i nc i p l e you cou l d keep go i ng . Eve r ybody knows how t o do
t ha t . For examp l e , SO I - - s i l i con on i nsu l a t or - - i s probab l y t he mos t prom i s i ng way t o s t a r t s t ack i ng t h i ngs . Bu t
t he r e a r e o t he r ways . The prob l em i s t ha t t he y i e l d - - t he ove r a l l probab i l i t y t ha t t he t h i ng wor ks - - goes down
exponen t i a l l y w i t h t he numbe r o f l aye r s i n t he process , even i f i t ' s j us t an i nsu l a t i on l aye r or a l aye r o f w i r i ng . And
exponen t i a l s a r e dead l y t h i ngs . A f t e r a wh i l e t hey r ea l l y ge t you . And i t ' s no t j us t t he y i e l d prob l em . As you make
t h i ngs sma l l e r t hey a l so become much mor e suscep t i b l e t o t h i ngs l i ke cosm i c r ays and a l l k i nds o f o t he r mechan i sms
o f f a i l ur e .

GENE : Compound ma t e r i a l s l i ke ga l l i um a r sen i de a r e supposed t o be l ess vu l ne r ab l e t o so f t e r ror s .

CARVER : Eve r y t echno l ogy has i t s own hor r i b l e prob l ems and t ha t i nc l udes ga l l i um a r sen i de . The r e ' s no mag i c .
The numbe r o f e l ec t rons c r ea t ed by i on i z i ng pa r t i c l es i sn ' t t r emendous l y d i f f e r en t be t ween ma t e r i a l s , no t by huge
orde r s o f magn i t ude . I t ' s r ea l l y a s i ze ques t i on , a s t r a i gh t - f orwa rd sca l i ng i ssue - - how many e l ec t rons r epr esen t your
s i gna l ve r sus how many e l ec t rons a r e c r ea t ed when you pu t an i on i z i ng pa r t i c l e t hrough t he ma t e r i a l ? As you sca l e
down t he r e a r e f ewe r e l ec t rons pe r dev i ce , so i t becomes eas i e r f or a r andom pa r t i c l e t o sw i t ch t he t r ans i s t or f or t he
same r eason i t ' s eas i e r f or you t o sw i t ch i t .
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CARVER : I be l i eve t ha t t he v i s i on o f t he or i g i na l f ounde r s o f A I - - t he M i nskys and McCa r t hys - - was ex t r eme l y
cor r ec t . Bu t when t hey go t i n t o i t t hey d i scove r ed t ha t wha t t hey we r e r ea l l y headed f or t ook e i gh t or n i ne orde r s o f
magn i t ude mor e compu t a t i on t han you cou l d ge t ou t o f a r egu l a r compu t e r . And so t he r e came t o be t wo groups : one
wen t l ook i ng f or t ha t e i gh t or n i ne orde r s o f magn i t ude ; t he o t he r j us t pun t ed and f aked i t - - and t ha t ' s t he vas t
ma j or i t y o f t he A I commun i t y t oday . I ' m one o f t he peop l e who ' s o f f t r y i ng t o f i nd t ha t e i gh t or n i ne orde r s o f
magn i t ude .

GENE : I ' ve hea rd ce l l u l a r au t oma t a used as a gene r a l t e rm f or mass i ve l y pa r a l l e l a r ch i t ec t ur es .

CARVER : Ce l l u l a r au t oma t a a r e an i nven t i on o f Von Neumann , s t r ange l y enough . He desc r i bed t hem back i n t he
f or t i es . I t was t he f i r s t u l t r a - concur r en t a r ch i t ec t ur e , a r ea l l y good f i r s t s t ep i n wha t ' s now become a l a rge c l ass o f
t h i ngs . For examp l e , you can v i ew Kung ' s sys t o l i c a l gor i t hms as an ex t ens i on o f ce l l u l a r au t oma t a . And i f you l ook
a t i t t ha t way , i t ' s a ve r y na t ur a l evo l u t i on . Bu t i n f ac t a ce l l u l a r au t oma t on i s an ex t r eme l y pr ec i se t h i ng - - an
i n t e r connec t ed se t o f f i n i t e au t oma t a . Tr ad i t i ona l ce l l u l a r au t oma t a have on l y been connec t ed t o ne i ghbor s , and as
such t hey r epr esen t on l y ve r y l oca l compu t a t i ons. Any such l oca l compu t a t i on can be expr essed as a ce l l u l a r
au t oma t on bu t i t ' s o f t en no t r e l evan t t o do so . Ve r y f ew a l gor i t hms map we l l i n t o t ha t doma i n . So t hey ' ve k i nd o f
boxed t hemse l ves ou t o f a l o t o f t he mor e i n t e r es t i ng v i ews o f compu t a t i on .

GENE : Wha t abou t t he dema r ca t i ons be t ween l eve l s o f i n t egr a t i on , l i ke SS I , MS I , and so f or t h?

CARVER : To me t he d i f f e r ences a r en ' t so much i n t r ans i s t or coun t as i n t he l eve l o f f unc t i ona l i t y , t ha t i s , how you
have t o t h i nk abou t i t i n t e rms o f wha t i t ' s do i ng . The f i r s t i n t egr a t ed c i r cu i t i n 1959 had one ga t e or one f l i p - f l op , so
you cou l d t h i nk o f t hem as e l emen t a r y l og i c e l emen t s . Med i um- sca l e ch i ps had t h i ngs l i ke coun t e r s and r eg i s t e r s .
Now peop l e cou l d s t a r t t h i nk i ng a t a h i ghe r l eve l t han j us t ga t es . Tha t was i n t he m i dd l e s i x t i es . The nex t r ea l s t ep
happened when memor i es and m i c roprocessor s we r e i n t egr a t ed on t he ch i p a round 1971 . Tha t ' s when LS I beg i ns f or
me , no t because o f t he numbe r o f t r ans i s t or s bu t because now i t was a comp l e t e sys t em- l eve l f unc t i on . Those ea r l y
m i c ros on l y had abou t t hr ee t housand t r ans i s t or s bu t t hey we r e a processor neve r t he l ess and t hey changed t he way
peop l e t hough t . Now ac t ua l l y i f you l ook a t t he I n t e l 286 t oday , i t i sn ' t r ea l l y mor e capab l e - - or no t ve r y much - -
t han t hose ea r l y ch i ps . I t ' s go t a l o t mor e t r ans i s t or s bu t t he a r ch i t ec t ur e ' s pr e t t y much t he same ; t he i ns t ruc t i on se t ' s
pr e t t y much t he same . So I don ' t pu t i t i n a d i f f e r en t c l ass f rom t he 8008 . A l so , accord i ng t o t h i s v i ew t he ga t e - a r r ay
bus i ness r epr esen t s a t hrowback : ga t e a r r ays a r e t he SS I l eve l and s t anda rd ce l l s a r e t he MS I l eve l .

GENE : I f 32 - b i t m i c roprocessor s a r en ' t qua l i t a t i ve l y d i f f e r en t f rom 8 - b i t ve r s i ons , t hen when does VLS I
beg i n?

CARVER : I ' m l ook i ng f orwa rd t o t he mach i ne t ha t ' l l do r ay - t r ac i ng i n r ea l t i me . I t ' s no t beyond our capab i l i t y r i gh t
now . Prov i ded you comp i l ed t he a l gor i t hms i n t o s i l i con i n a mass i ve a r r ay . I don ' t be l i eve t ha t po l ygona l
r epr esen t a t i on f or shapes i s t he r i gh t one . I t h i nk s t u f f l i ke supe rquadr i cs i s a who l e l o t mor e sens i b l e - - maybe no t
exac t l y t ha t r epr esen t a t i on , bu t some t h i ng t ha t has some n i ce ma t hema t i ca l prope r t i es when i t comes t o r ay - t r ac i ng .
So i f you ' r e go i ng t o use . CP10 a r ay - t r ac i ng a l gor i t hm you ' d be t t e r use some t h i ng o t he r t han po l ygons . I n f ac t , you
have t o i nven t t he r epr esen t a t i on and t he a l gor i t hm t oge t he r . Tha t ' s why nobody ' s go i ng t o do i t un l ess t hey ge t t he i r
head a round t he who l e prob l em .

CARVER : My own wor k i s conce rned w i t h mus i c . As you know , i f you t r y t o s i mu l a t e even one mus i ca l i ns t rumen t
you ' r e i n f or a t l eas t 10 M I Ps wor t h o f compu t a t i on f or a s i ng l e vo i ce - - one s t r i ng on a gu i t a r or wha t eve r . I n some
cases you ge t a who l e i ns t rumen t l i ke a f l u t e , bu t i f you t r y t o do a p i ano you ' ve go t t o have a huge numbe r o f
processor s . So you ge t i n t o t he g i gaops ve r y qu i ck l y t o s i mu l a t e any r easonab l e ensemb l e a t a l l . A who l e or ches t r a i s
a l o t o f g i gaops . And i t t urns ou t you can do t ha t . We ' r e r i gh t now l ook i ng a t abou t 10 M I PS pe r ch i p f or do i ng
mus i c . A spec i f i c a r ch i t ec t ur e f or do i ng mus i c , no t good f or any t h i ng e l se , and you can make some o f t he mos t
beau t i f u l vo i ces you ' ve eve r hea rd i n your l i f e . We ' l l be ab l e t o s i mu l a t e a ve r y conv i nc i ng or ches t r a . Now I ' m no t
say i ng we ' r e eve r go i ng t o r ep l ace a r ea l or ches t r a , bu t t he r e ' s a se t o f t h i ngs you can do i f you have t he ab i l i t y t o
c r ea t e your own or ches t r a . Th i s i s wha t t he syn t hes i ze r guys ough t t o be do i ng and can ' t ; and t he r eason t hey can ' t i s
t ha t you need f our or f i ve mor e orde r s o f compu t a t i on t han i s ava i l ab l e t oday . Tha t ' s wha t pr even t s t hem f rom t rue
or ches t r a l s i mu l a t i on . A s t anda rd syn t hes i ze r sounds l i ke he l l and i t doesn ' t have t o , bu t you ' ve go t t o f i nd t ha t f our
or f our or f i ve orde r s o f magn i t ude - - i n t h i s case i t i sn ' t e i gh t or n i ne , on l y f our or f i ve , bu t i t ' s s t i l l a l o t . And we can
pu t i t i n a pe r sona l wor ks t a t i on f or use by compose r s . I be l i eve t ha t ' s t he way compos i t i on w i l l be done . Compose r s

ASL



Mead I n t e r v i ew

�

6

�

F i l e : 1 Ca r ve r . doc

s i mp l y canno t a f f ord t o expe r i men t . You can ' t a f f ord t o pay a hundr ed un i on mus i c i ans t o f oo l a round . So
compose r s a r e r ea l l y s t uck , j us t be - cause t hey need t ha t f our or f i ve orde r s o f magn i t ude . We ' r e s t i l l i n t he ve r y
ea r l y expe r i men t a l s t ages bu t we can a l r eady m i x amaz i ng vo i ces . Mos t peop l e say i t sounds l i ke a r ea l i ns t rumen t ,
no t l i ke a compu t e r . Excep t you can t r ans f orm i t and move i t i n t o d i f f e r en t spaces . We can s i mu l a t e a ma r i mba ba r
t ha t wou l d have t o be 27 f ee t l ong .

End o f documen t I
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CARVER MEAD I NTERV I EW PART TWO
Documen t 2 o f 4 o f Mead I n t e r v i ew
By : Gene Youngb l ood

CARVER : Fu l l cus t om handc r a f t ed ch i ps t yp i ca l l y t ake t hr ee yea r s . Wha t t ha t means i s t ha t
peop l e hand des i gn ce r t a i n p i eces and t hen t hey use some k i nd o f compu t e r a i d t o he l p t hem pu t
t he s t u f f t oge t he r . Nobody s i t s down and dr aws t he who l e ch i p on one g i an t shee t o f my l a r any
mor e l i ke t hey used t o . Tha t ' s i mposs i b l e . A t l eas t t en yea r s ago peop l e began us i ng s i mp l e CAD
sys t ems t o he l p p l ace t he p i eces t hey ' d dr a f t ed by hand . Tha t ' s j us t p l a i n common sense . Even t he
o l d k i nd o f des i gn a i ds he l ped . And t he r e ' s been t h i s con t i nua l evo l u t i on o f t h i ngs t ha t made t ha t
eas i e r t o do . So any ch i p done i n t he l as t t en yea r s , nobody sa t down and dr ew t he who l e t h i ng on
one p i ece o f pape r . They dr ew p i eces o f i t and t hen t hey p l o t t ed i t and t hen t hey dr ew some mor e ,
and so on . You can ge t t he r e t ha t way bu t i t ' s an enormous amoun t o f e f f or t . I f you have a good
me t hodo l ogy and good peop l e t ha t unde r s t and t he des i gn you can do some pr e t t y amb i t i ous ch i ps
us i ng no t ve r y advanced t oo l s , i f you ' ve t hough t t he t h i ng t hrough .

GENE : By wha t f ac t or does a s i l i con comp i l e r r educe des i gn t i me?

CARVER : Maybe 75% or an orde r o f magn i t ude . F rom seve r a l weeks t o seve r a l mon t hs . I t
depends on wha t you coun t ; a l o t o f des i gn goes i n t o j us t concep t ua l i z i ng wha t you need . One
t h i ng a s i l i con comp i l e r a l l ows you t o do wh i ch we neve r cou l d do be f or e i s exp l or a t or y
a r ch i t ec t ur e , whe r e you can ac t ua l l y t r y a des i gn and see how i t comes ou t ; i f i t doesn ' t wor k you
t r y some t h i ng e l se . We cou l d neve r t ha t be f or e because t he amoun t o f ene rgy t o i mp l emen t a
des i gn i s so h i gh t ha t once you ge t on an approach you f or ce i t t o f i n i sh , even i f i t ' s a hor r i b l e ch i p
when you ' r e done . And t he r e ' s a l o t o f examp l es on t he ma r ke t . They go t f i n i shed because
econom i ca l l y i t ' s no t f eas i b l e t o sc r ap t hem and s t a r t ove r .

GENE : W i l l des i gn t i me eve r be i ndependen t o f ch i p comp l ex i t y?

CARVER : I t depends on wha t you mean by comp l ex i t y . I t ' s ce r t a i n l y no t a d i r ec t f unc t i on o f t he
numbe r o f t r ans i s t or s ; i t ' s a f unc t i on o f how much t he des i gne r has t o t h i nk abou t t he des i gn .
Tha t ' s qu i t e a d i f f e r en t ma t t e r . Tha t has no t been a d i mens i on a l ong wh i ch peop l e have measur ed
t h i ngs ve r y much . So des i gn t i me w i l l i ndeed become i ndependen t o f r aw t r ans i s t or coun t , bu t
peop l e w i l l f i gur e ou t concep t ua l l y mor e comp l ex t h i ngs and t hen i t ' l l t ake t hem l onge r t o ge t
t hose f i gur ed ou t . Wha t a s i l i con comp i l e r does i s make t he i mp l emen t a t i on t r i v i a l . I t doesn ' t mean
ge t t i ng t he i dea i s any eas i e r .

GENE : W i l l some t h i ng equ i va l en t t o supe r compu t e r powe r be necessa r y f or s i l i con
comp i l a t i on as we approach t he mu l t i m i l l i on - t r ans i s t or l eve l o f comp l ex i t y? Even now Cr ay
i s a l r eady promo t i ng i t s mach i nes f or VLS I des i gn .

CARVER : Wha t peop l e t h i nk o f when t hey say supe r compu t e r i s go i ng t o change . I a l r eady
showed you a ch i p t ha t ' l l do abou t 600 VAXes wor t h o f compu t a t i on . The ac t ua l numbe r s o f adds
and mu l t i p l i es a r e on l y maybe f i ve or t en m i l l i on pe r second ; t ha t sounds l i ke maybe t en VAXes .
Bu t by t he t i me you ge t done shu f f l i ng a l l t he da t a a round and ge t t i ng eve r y t h i ng i n t he r i gh t p l ace
and a l l t ha t , i t ends up be i ng a f ew hundr eds t i mes r ea l t i me i ns t ead o f a f ew t ens t i mes r ea l t i me .
mos t o f wha t goes on i n a s t anda rd compu t e r i s j us t da t a shu f f l i ng . And t ha t doesn ' t change w i t h a
supe r compu t e r . I t ' s t he same prob l em . So peop l e a r e go i ng t o r econcep t ua l i ze wha t t hey t h i nk
abou t supe r compu t e r s . I t ' s go i ng t o be pa r a l l e l a r ch i t ec t ur es and a l o t o f spec i a l - purpose
a r ch i t ec t ur e . Sur e , t he r e ' l l be some s t anda rd " gene r a l - purpose " a r ch i t ec t ur es bu t t he b i g
br eak t hroughs w i l l be i n spec i a l purpose a r ch i t ec t ur es . The who l e no t i on o f supe r compu t i ng i s
go i ng t o change . The peop l e i n t ha t bus i ness don ' t wan t i t t o change , because t hey ' r e i n t ha t
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bus i ness .

GENE : We l l , l e t us say t hen , w i l l powe r i n t he supe r compu t e r r ange , no ma t t e r how i t ' s
ach i eved , be necessa r y f or VLS I des i gn?

CARVER : Sur e . Bu t wha t ' s r ea l l y go i ng t o happen i s t ha t i ns t ead o f do i ng a supe r compu t e r peop l e
w i l l bu i l d spec i a l l i t t l e acce l e r a t or s t o do p i eces o f t he prob l em . The r e ' l l be a l i t t l e s i mu l a t i on
eng i ne t ha t runs s i mu l a t i ons l i ke c r azy . These va r i ous t h i ngs t ha t do t he pa r t i cu l a r compu t a t i ons ,
and you ' l l p l ug t hose boa rds i n t o your wor ks t a t i on .

GENE : Why i s t he s i l i con comp i l e r d i e s i ze l a rge r t han hand - c r a f t ed ch i ps?

CARVER : The r e a r e a l o t o f approaches t o s i l i con comp i l a t i on t oday. The one I wor ked on , t he
ch i p s i ze f or a g i ven f unc t i on i s much sma l l e r t han ga t e a r r ays or s t anda rd ce l l s bu t s t i l l l a rge r t han
hand des i gn o f cour se , because t ha t ' s wha t hand des i gn does - - i f you see some space you pack
some s t u f f i n t o i t . I n a ve r y f unny way i t does ge t t o t he po i n t whe r e t ha t ' s compensa t ed . Wha t
r ea l l y happens i s peop l e r edo t he a r ch i t ec t ur e t o make t he ch i p mor e e f f i c i en t . So ac t ua l l y f or a
g i ven f unc t i on t hey can ge t t h i ngs t ha t a r e ac t ua l l y sma l l e r t han hand des i gns by exp l or i ng t he
a r ch i t ec t ur a l approaches . Bu t i f you t ook any one o f t hose once you ' r e f i n i shed and r edes i gned i t
by hand i t wou l d be sma l l e r . Bu t you can ' t a f f ord t o do t ha t i n VLS I . So t he who l e t h i ng i s r ea l l y
decep t i ve because wha t a s i l i con comp i l e r a l l ows you t o do i s expe r i men t w i t h t he a r ch i t ec t ur e
un t i l you f i nd t he mos t e f f i c i en t a r ch i t ec t ur e , and you can neve r do t ha t i n hand des i gn . Peop l e w i l l
l ook a t a g i ven ch i p and say " Oh , I cou l d make t ha t sma l l e r by hand , " bu t t hey neve r wou l d have
go t t en t he r e by hand . So you ' r e wor k i ng a d i f f e r en t end o f t he prob l em ; you ' r e l e t t i ng peop l e
expe r i men t on t he a r ch i t ec t ur a l end . Then o f cour se i f t hey wan t ed t o t ake t ha t pa r t i cu l a r
a r ch i t ec t ur e and r epack i t by hand you can a l ways ge t i t phys i ca l l y sma l l e r . I t ' s a l ways t rue t ha t
s t a r t i ng w i t h some t h i ng t ha t ex i s t s you can a l ways make i t be t t e r by wor k i ng on i t . Wha t t he
s i l i con comp i l e r does i s l e t you s t a r t f rom sc r a t ch and ge t t o some t h i ng t ha t ex i s t s t ha t ' s r ea l l y
qu i t e e f f i c i en t .

GENE : I s " f u l l cus t om " synonymous w i t h s i l i con a l gor i t hms?

CARVER : I t means hand c r a f t ed . I t ' s no t synonymous w i t h a ded i ca t ed a r ch i t ec t ur e . H i s t or i ca l l y ,
" f u l l cus t om " has mean t t ha t you g i ve t he t h i ng t o somebody i n a l i t t l e des i gn shop and t hey do a
hand - c r a f t ed des i gn f or t ha t purpose .

GENE : I n t he l i t e r a t ur e t hey on l y say t ha t s i l i con comp i l e r s a r e f or f u l l cus t om ch i ps ; t hey
don ' t spec i f i ca l l y t a l k abou t ded i ca t ed a r ch i t ec t ur es . Tha t ' s i nc r ed i b l e , g i ven t he f ac t t ha t
eve r yone wou l d acknow l edge t ha t ded i ca t ed a r ch i t ec t ur es a r e i nhe r en t l y f as t e r t han gene r a l
ones , and t he on l y h i s t or i ca l ba r r i e r t o do i ng t ha t has been t he des i gn t i me , and now you
have a t echno l ogy t ha t can do i t and t hey don ' t even r ema r k t ha t ach i evemen t .

CARVER : I t ' s a l ways t rue when you have a new t echno l ogy t ha t t he on l y t e rms i n wh i ch peop l e
can d i scuss i t a r e t he o l d t e rms . So i t ' s r ea l l y d i f f i cu l t t o exp l a i n t o peop l e how t h i ngs have t o wor k
when you have a new t echno l ogy . The on l y t h i ng peop l e can do i s compa r e w i t h wha t t hey know .
The on l y t h i ng t hey know i s t ha t h i s t or i ca l l y peop l e have hand - c r a f t ed some des i gns .

GENE : The r e ' s t he i ssue o f who spec i f i es t he a r ch i t ec t ur e , t he des i gne r s or t he comp i l e r .
Today we ' r e no t ye t a t t he po i n t whe r e t he compu t e r s i mp l y doesn ' t have t he i n t e l l i gence t o
do t ha t . So t he des i gne r spec i f i es t he a r ch i t ec t ur e and t hen expe r i men t s w i t h i t t hrough t he
s i l i con comp i l e r . Bu t appa r en t l y t he r e a r e peop l e pur su i ng t he A I approach or expe r t
sys t ems approach whe r e t he comp i l e r wou l d have su f f i c i en t i n t e l l i gence t o ac t ua l l y make
a r ch i t ec t ur a l dec i s i ons .

CARVER : We l l t he A I peop l e haven ' t done any t h i ng ye t so i t ' s ha rd t o make commen t s abou t i t .
Tha t doesn ' t mean t hey won ' t . The r e ' s ce r t a i n l y room f or heur i s t i cs i n he l p i ng w i t h t he process , t o
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t he ex t en t t ha t wha t we mean by A I i s a heur i s t i c approach t o op t i m i za t i on - - o f cour se t he r e ' s
room f or t ha t and eve r ybody ' s go i ng t o be do i ng t ha t . Bu t t he r e ' s ano t he r t h i ng go i ng on t ha t you
need t o know abou t . Wha t a l o t o f peop l e mean by au t oma t i c a r ch i t ec t ur e i s f i xed a r ch i t ec t ur e .
They have p i cked t he a r ch i t ec t ur e ahead o f t i me and t hey comp i l e a ch i p i n t ha t c l ass . And a l l t he
ea r l y s i l i con comp i l e r s we r e l i ke t ha t . I wro t e one myse l f i n 1971 t ha t was l i ke t ha t . i t on l y d i d one
l i t t l e a r ch i t ec t ur e . And i t d i d a l l t he s i l i con comp i l i ng t h i ngs - - i t t ook i n t he t h i ng and gene r a t ed
t he s i mu l a t i on f rom t he same sour ce t ha t gene r a t ed t he a r t wor k , bu t i t on l y d i d t h i s one l i t t l e t i ny
a r ch i t ec t ur e . And t hen when Dave Johannsen d i d h i s t h i ng he d i d a w i de r c l ass o f a r ch i t ec t ur e .
And a l o t o f peop l e now a r e do i ng an even w i de r c l ass o f a r ch i t ec t ur es , bu t t hey ' r e s t i l l w i t h i n
l i m i t s . The r e ' s no t h i ng wrong w i t h t ha t i f t ha t a r ch i t ec t ur e f i t s wha t you wan t t o do , bu t i t doesn ' t
a l l ow you t o do a r ch i t ec t ur a l exp l or a t i on , wh i ch i s one o f t he d i mens i ons o f s i l i con comp i l a t i on
t ha t ' s r ea l l y h i gh l y i mpor t an t . The approach t ha t t he S i l i con Comp i l e r I nc . peop l e t oo l - - wh i ch i s
Dave Johannsen and h i s peop l e - - i s t o bu i l d a t oo l f or peop l e t o do gene r a l a r ch i t ec t ur e wor k . So
t hey bu i l t a t oo l f or a r ch i t ec t s ; i t does i mp l emen t a t i ons o f sys t ems f or peop l e who wan t t o do
a r ch i t ec t ur e - - t o bu i l d a l gor i t hms i n s i l i con , i f you l i ke . t ha t i sn ' t t he on l y t h i ng t ha t needs t o be
done . A coup l e o f compan i es back eas t have bu i l t s i l i con comp i l e r s f or bu i l d i ng m i c rocode
eng i nes . Tha t ' s go i ng t o have an i mpac t on peop l e who wan t t o bu i l d m i c rocode eng i nes - - t ha t ' s a
da t a pa t h w i t h a se t o f f i n i t e - s t a t e mach i nes t ha t sequences i t . Our own ea r l y s i l i con comp i l e r s
we r e bas i ca l l y a i med a t t ha t t h i ng t oo . s i nce t hen t hey ' ve become gene r a l i zed . And o f cour se once
you have a gene r a l t oo l you can a l ways pu t a l aye r on t op o f i t t ha t has a h i ghe r l eve l
r epr esen t a t i on and a l l ows you t hen t o gene r a t e t he i npu t f or t he gene r a l ch i p comp i l e r . So t he way
I l ook a t t he ac t ua l evo l u t i on o f t he i ndus t r y i s t he r e w i l l be a f ew r ea l l y gene r a l ch i p comp i l e r s , a
bunch o f f ron t - ends f or t hose t ha t a l l ow peop l e t o t ake a spec i a l t h i nk i ng process or heur i s t i c
progr ams or wha t eve r and gene r a t e i npu t f or t ha t , t hen t he r e w i l l be some hones t - t o - god spec i a l -
purpose s i l i con comp i l e r s .

GENE : Can we ach i eve VLS I dens i t y w i t hou t sac r i f i c i ng c l ock speed? For examp l e , b i po l a r
and CMOS a r e conve rg i ng t oday and peop l e say CMOS w i l l ou t pe r f orm b i po l a r . So w i l l be
we ab l e t o ca r r y a 100 MHz c l ock i n t o VLS I ?

CARVER : Oh sur e . The prob l em w i t h t ha t i s no t t ha t you can ' t make dense t h i ngs t ha t run a t h i gh
c l ock r a t es , i t ' s t ha t you ' r e no t go i ng t o have t he en t i r e ch i p comp l e t e l y l ocks t ep a t t hose c l ock
r a t es . Because j us t d i s t r i bu t i ng a c l ock a t t hose f r equenc i es means t ha t you ' r e go i ng t o l ose t he
synchrony ove r t he ch i p . You shou l d ask Chuck Se i t z abou t t he f ac t t ha t d i f f e r en t p i eces o f t he
ch i p a r e go i ng t o have t o be ab l e t o ope r a t e au t onomous l y. And you coup l e t hem i n such a way
t ha t t he i r c l ocks don ' t have t o be abso l u t e l y i n phase . You run p i eces o f t he ch i p on ve r y f as t
c l ocks and you commun i ca t e be t ween t hem w i t h some o t he r f r equency .

GENE : I f you t h i nk o f any mach i ne as be i ng a c l ock , i n t he norma l human - sca l ed wor l d
t he r e seems t o be a cons t an t ru l e wh i ch says t he f as t es t c l ock has t o use t he mos t ene rgy , and
t he one uses t he mos t ene rgy usua l l y has some s i ze cons t r a i n t s on i t i n orde r t o d i ss i pa t e t ha t
hea t . The r e f or e , i n t he norma l phys i ca l human wor l d t he f as t es t c l ock t ha t wou l d a l so use
t he l eas t amoun t o f ene rgy i s an i mposs i b l e c l ock . Bu t when you ge t down t o t he subm i c ron
doma i n you have an i mposs i b l e c l ock , because i n orde r t o ach i eve bo t h h i gh speed and h i gh
dens i t y compac t i on , i t has t o use t he l eas t amoun t o f ene rgy compa r a t i ve l y speak i ng .

CARVER : We l l , r emembe r t ha t wha t you sa i d i n t he beg i nn i ng i s r ea l l y t rue : i f you t r y t o t ake a
who l e VLS I ch i p and c l ock i t a t 100 MHz i t w i l l i ndeed d i ss i pa t e an i mposs i b l e amoun t o f ene rgy .
Bu t you don ' t have t o run t he who l e ch i p a t t he same c l ock r a t e and you don ' t have t o c l ock eve r y
e l emen t eve r y t i me - - t he r e a r e a l o t o f ways you can ge t t he e f f ec t o f t ha t speed w i t hou t hav i ng
t h i s g l oba l t h i ng t ha t ' s j us t pump i ng a l l t ha t cha rge a l l t he t i me . Tha t ' s j us t phys i cs . I f you have
eve r y e l emen t i n t he r e sw i t ch i ng eve r y t i me , t hen t he r e ' s j us t t he amoun t o f s t or ed ene rgy t i mes
t he f r equency , and t ha t doesn ' t change depend i ng upon how many e l emen t s . You make t he
e l emen t s sma l l e r , t he r e a r e mor e o f t hem , so i n t ha t sense you can run mor e t h i ngs f as t e r w i t h t he
same powe r ; bu t t he bas i c phys i cs doesn ' t change . Pump i ng t h i ngs up and down a t a f as t r a t e t akes
a huge amoun t o f ene rgy and t he f as t e r t he r a t e and t he mor e t h i ngs , t he mor e ene rgy . Tha t pa r t
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doesn ' t change . I t ' s r ea l l y t he a r ea : how much a r ea do you pump? Th i nk o f t he ch i p as a b i g
capac i t or and you ' r e j us t pump i ng cha rge i n and ou t o f i t , and eve r y t i me you pump i t i t ' s one - ha l f
CV squa r ed t ha t you l ose i n ene rgy ; so t he powe r i s one - ha l f CV squa r ed t i mes t he f r equency .
Pe r i od . Capac i t ance t i mes V- squa r ed hasn ' t been chang i ng a l o t w i t h ch i p evo l u t i on ; capac i t ance
has been ge t t i ng a l i t t l e b i gge r , t he vo l t age a l i t t l e l owe r ; i t ' s ge t t i ng a l i t t l e be t t e r bu t bas i ca l l y
t ha t ' s one o f t hose t h i ngs t ha t doesn ' t change much . Wha t ' s r ea l l y go i ng on i s t ha t we can make
i nd i v i dua l p i eces o f t he c i r cu i t ex t r eme l y f as t and t hen you do some t h i ng t o no t have t o run t he
who l e c i r cu i t t ha t f as t . For examp l e , commun i ca t i ons con t ro l l e r s have t o decode s t u f f com i ng i n
o f f o f , say , a l oca l - a r ea ne t wor k a t 10 MHz ; t ha t means you ' ve go t t o have some mu l t i p l e o f t ha t i n
your r eso l u t i on o f t h i ngs , so t ha t ' s go t t o be f as t on t he f ron t - end and f or e r ror - cor r ec t i ng , bu t t hen
you ge t i t i n and you go i n t o some pa r a l l e l t h i ng t ha t can run a l o t s l owe r , so you do mos t o f your
process i ng a t a l o t s l owe r r a t e , bu t i n pa r a l l e l . So your h i gh c l ock r a t es a r e pr i ma r i l y f or
i n t e r f ac i ng t he ch i p w i t h t he ou t s i de wor l d . I f you ' r e i n t e r f ac i ng w i t h an op t i ca l f i be r you ' ve go t t o
be runn i ng i n t he g i gahe r t z r ange . Bu t somehow t he r e ' s a way o f no t hav i ng t o sw i t ch eve r y
e l emen t eve r y t i me . (Chuck can t e l l you some n i ce t h i ngs abou t t he who l e se l f - t i m i ng t h i ng whe r e
you on l y do sw i t ch i ng i f you need i t . Th i ngs don ' t sw i t ch un l ess t hey change ) .

GENE : Geo f f r ey Fox c l a i ms t he speedup t hrough concur r ency i s a l i nea r f unc t i on o f t he
numbe r o f PE ' s , pe r i od .

CARVER : I have gone on r ecord as say i ng t ha t t he spec i a l - purpose a r ch i t ec t ur es a r e go i ng t o be
t he way t o approach h i gh l y concur r en t a r ch i t ec t ur es . The r eason f or t ha t i sn ' t t ha t i sn ' t t ha t - - yeah ,
f or Geo f f r ey ' s pa r t i cu l a r prob l em , he can a r r ange t h i ngs i n such a way t ha t you on l y have nea r es t
ne i ghbor commun i ca t i ons and t hen you can ge t a l i nea r i nc r ease i n compu t a t i on w i t h t he numbe r
o f e l emen t s . And t ha t ' l l wor k un t i l he wan t s t o do some t h i ng a l i t t l e mor e soph i s t i ca t ed . The
compu t a t i ons t hey ' r e do i ng i sn ' t ve r y d i f f e r en t f rom t he one you have t o do i n mus i c , and t hey ' r e
ge t t i ng abou t one VAX pe r c i r cu i t boa rd wor t h o f compu t a t i on and we ' r e ge t t i ng abou t 600
VAXes pe r ch i p . Tha t shou l d ca l i br a t e you a l i t t l e b i t .

GENE : Wha t ' s t he prob l em w i t h do i ng f l oa t i ng - po i n t i n s i l i con?

CARVER : We chose t o do 64 - b i t f i xed po i n t i ns t ead o f 16 - b i t f l oa t i ng po i n t i n our mus i c ch i ps
because i t ' s much c l eane r and f or a l o t o f app l i ca t i ons i f you go t o a r ea l l y l ong word you can use a
f i xed po i n t numbe r eve r y b i t as e f f ec t i ve l y as you can use a shor t e r f l oa t i ng po i n t numbe r , and t he
compu t a t i on does ge t enormous l y s i mp l i f i ed . I mean , do i ng f l oa t i ng po i n t i s a b i t ch . The r e ' s no
ques t i on abou t t ha t . Because you have a l l t he i n t e r ac t i on be t ween t he exponen t and t he man t i ssa ' s .
I n pa r t i cu l a r , adds a r e hor r i b l e .

GENE : The r e ' s a l o t o f f l oa t i ng po i n t i n gr aph i cs .

CARVER : We l l nobody ' s eve r t hough t t hrough i f you r ea l l y need t o do t ha t or no t . I t ' s j us t t ha t ,
t hey l ook a t t he dynam i c r ange t hey have , wh i ch i s huge , and t hey say gee we ' ve go t t o do f l oa t i ng
po i n t . On t he o t he r hand t hey ' ve on l y go t a 1000 by 1000 ma t r i x , so i t ' s ce r t a i n l y a f i n i t e r eso l u t i on
o f t h i ngs . So I be l i eve nobody ' s r ea l l y t hough t t hrough whe t he r you can do t ha t w i t h a l ong - word
f i xed po i n t a r i t hme t i c . Nobody has a l ong - word , f i xed po i n t eng i ne , i t ' s a l l 16 - b i t or 32 - b i t .
A l gor i t hms i n s i l i con wou l d f ac i l i t a t e t ha t . Bu t I ' m r ea l l y no t sur e whe t he r i t wou l d be mor e
e f f ec t i ve t o buy a bunch o f f l oa t i ng po i n t eng i nes t o do i t or whe t he r i t wou l d be mor e e f f ec t i ve t o
j us t have some l ong - word f i xed - po i n t eng i nes - - o f wh i ch you cou l d have a l o t mor e on t he same
s i l i con . And t hen you ask your se l f wha t t he t r adeo f f i s . And i t ' s j us t an eng i nee r i ng t r adeo f f , i t ' s
no t a r e l i g i ous i ssue .

GENE : Geo f f r ey Fox sa i d t ha t f or h i s pa r t i cu l a r sc i en t i f i c prob l ems , t he l a rge r t he prob l em
t he l ess v i ab l e i t i s t o bu i l d i t i n t o ha rdwa r e . The mor e pa r t s you have w i t h gr ea t e r degr ees
o f f r eedom , t he mor e gene r a l t he prob l em and you need a gene r a l purpose compu t e r .

CARVER : Tha t ' s t he o l d l or e o f t he progr ammab l e mach i ne peop l e . They know how t o progr am ;
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t hey don ' t know how t o des i gn ch i ps . So t hey assume i t s eas i e r t o wr i t e a progr am . They can ' t
conce i ve t ha t w i t h a ch i p comp i l e r you cou l d comp i l e a spec i a l - purpose a r ch i t ec t ur e f or a prob l em
eas i e r t han you can f i gur e ou t how t o use one o f t hose s t up i d progr ammab l e h i gh l y concur r en t
mach i nes . R i gh t now i f you l ook a t t he amoun t o f progr amm i ng t i me i t t akes use an a r r ay
processor , you cou l d eas i l y have a spec i a l - purpose a r ch i t ec t ur e up and runn i ng be f or e you cou l d
have t he same a l gor i t hms runn i ng on an a r r ay mach i ne . I ' m no t say i ng t ha t ' s a l ways t rue ; t he r e i s a
l o t o f me r i t t o progr ammab l e t h i ngs you can change i n some way ; bu t i t ' s a b i g m i s t ake t o t h i nk
t ha t sequen t i a l progr amm i ng l anguages a r e go i ng t o wor k on concur r en t mach i nes f or any t h i ng
excep t t he mos t s i mp l e prob l ems . I t ' s r ea l easy when eve r y t h i ng ' s do i ng t he same t h i ng , t o wr i t e
down wha t i t does and you have a bunch o f Von Neumann mach i nes wor k i ng on i t and i t s
s t r a i gh t f orwa rd . Bu t when i t ' s mor e comp l i ca t ed t han t ha t i t ' s no t so t r i v i a l any mor e . I ' l l once
aga i n r e f e r t o t he mus i c prob l em , whe r e t he i ns t rumen t s a r e sepa r ab l e i n t he sense t ha t a vo i ce i s
sepa r a t e f rom o t he r vo i ces , bu t t hen t hey have t o ge t chor eogr aph - ed t oge t he r w i t h some k i nd o f
conduc t or k i nd o f t h i ng , and each one ' s a l i t t l e d i f f e r en t , and now i t i sn ' t qu i t e so t r i v i a l anymor e .

GENE : I t ' s probab l y t he same t h i ng i n gr aph i cs i f you wan t t o do pho t or ea l s i mu l a t i ons o f
na t ur a l phenomena . Tha t ' s ve r y i n t e r es t i ng . The phys i c i s t s w i l l say t hey ' r e do i ng t he r ea l
se r i ous wor k , mode l i ng t he un i ve r se , and i f you wan t t o p l ay w i t h t he b i g boys and mode l t he
un i ve r se , t hen you need a gene r a l purpose supe r compu t e r . Bu t i t seems t o me t ha t mode l i ng
na t ur a l phenomena f or v i sua l s i mu l a t i on i s a t l eas t as comp l ex i f no t mor e so i n t e rms o f t he
dynam i c comp l ex i t y o f t he prob l em .

CARVER : I t has one o t he r advan t age : you can t e l l i f you ' ve done i t . A who l e l o t o f phys i cs t hese
days has t he prob l em o f how many ange l s a r e danc i ng on t he head o f a p i n .

GENE : So cou l d i t be t ha t mode l i ng t he un i ve r se i s a s i mp l e r prob l em t han mode l i ng an
or ches t r a or a sma l l ensemb l e?

CARVER : Yes , i t ' s mor e r ea l . Phys i cs has go t t en i t se l f o f f i n l e f t f i e l d . I don ' t wan t t o ge t my
phys i cs f r i ends mad a t me . I do a l o t o f phys i cs myse l f . Bu t t he phys i cs commun i t y i s i n a b i t o f
t roub l e nowadays and t he r eason i s i t has l os t a l o t o f con t ac t w i t h r ea l i t y . I mean t he k i nds o f
expe r i men t s whe r e t hey l ook f or t hese pa r t i c l es a t some enormous ene rg i es and t hey have some
symme t r y groups wh i ch t hey t h i nk exp l a i n t he pa r t i c l es , wh i ch a r e r ea l l y j us t a way o f ca t a l og i ng .
A symme t r y group doesn ' t exp l a i n any t h i ng . I t ' s l i ke Mende l ev be f or e we unde r s t ood wha t made
t he pe r i od i c t ab l e ; you cou l d see t he r e was pe r i od i c i t y i n i t and you cou l d make some pr ed i c t i ons
f rom t ha t . We l l t ha t ' s n i ce bu t i t doesn ' t say why i t ' s t he r e . My pe r cep t i on i s t ha t t hey ' ve go t a ve r y
pecu l i a r v i ew go i ng i n phys i cs and t hey cove r t ha t up w i t h a l o t o f ego . I t ' s ve r y , ve r y f a r f rom
any t h i ng d i r ec t and expe r i encab l e by r ea l human be i ngs or even measur ab l e by r ea l human be i ngs .
I f you l ook a t t he expe r i men t s t ha t a r e done by cas t s o f t housands on b i l l i on - do l l a r f ac i l i t i es , t he
who l e t h i ng has t aken on an a i r o f unr ea l i t y t ha t ' s j us t monumen t a l .

GENE : I f t he 286 i sn ' t s i gn i f i can t l y d i f f e r en t f rom t he 8008 i n t he sense t ha t i t ' s a
m i c roprocessor , t hen a t wha t l eve l o f t h i nk i ng does VLS I beg i n f or you?

CARVER : I t ' s ce r t a i n l y t rue t ha t t he m i c roprocessor s t a r t ed an e r a whe r e compu t a t i on and s i l i con
we r en ' t sepa r a t e any mor e . I n o t he r words t he r ea l s i gn i f i cance o f t he m i c ro - processor was t ha t
peop l e cou l d no l onge r t h i nk o f compu t a t i on as go i ng sepa r a t e f rom i t s t echno l ogy base . I n f ac t i t
neve r had been sepa r a t e . I t ' s j us t t ha t peop l e t hough t o f i t t ha t way . The r e was t he compu t e r
i ndus t r y and t he r e was some o t he r p l ace whe r e t hey bough t t he i r pa r t s , and t hose we r e j us t pa r t s
and t hey d i dn ' t r ea l l y ma t t e r . We l l t he comp l ex i t y o f t h i ngs con t i nued t o grow because t he bas i c
f ab process a l l owed you t o pu t mor e and mor e t r ans i s t or s down ; bu t bu i l d i ng a b i g memor y i s no
d i f f e r en t t han bu i l d i ng a l i t t l e memor y. So i n t e rms o f t he way t he f ab guys have t o t h i nk , i t ' s VLS I
a l l r i gh t because t hey ' ve go t t o make t he t h i ng y i e l d . So f rom t he i r po i n t o f v i ew i t ' s VLS I t he
momen t i t ge t s t o 100 , 000 t r ans i s t or s . Bu t f rom t he po i n t o f v i ew o f t he des i gne r t hose memor i es
a r e no d i f f e r en t t han t hey eve r we r e . They ' r e j us t l i t t l e w i zened c i r cu i t s . And t he memor y
des i gne r ' s j ob i s no ha rde r , i nvo l ves no mor e i n t e l l ec t ua l con t en t , t han i t d i d be f or e VLS I . Have
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you hea rd t he t e rm " a l gor i t hm i c comp l ex i t y? " The i dea i s , how wou l d you cha r ac t e r i ze t he
comp l ex i t y o f a mach i ne? We l l , i f you l ook a t a c r ys t a l , f or examp l e , i t can have t en t o t he t wen t y -
f our t h a t oms i n i t . Bu t you can spec i f y i t by t he shape o f a un i t ce l l and t he way t he un i t ce l l s a r e
s t acked t oge t he r . So t he r e ' s r ea l l y on l y t wo p i eces o f i n f orma t i on . So i n a f ew t ens o f b i t s you can
spec i f y a c r ys t a l . So i t ' s no t anywhe r e t he t en t o t he t wen t y - f our t h k i nd o f comp l ex i t y because o f
t he ve r y r egu l a r na t ur e o f i t . Progr ams a r e t he same way . You wr i t e a l oop and t he l oop can go and
c r ea t e a god - aw f u l amoun t o f s t u f f , bu t i f i t ' s one s i mp l e l i t t l e t h i ng , no ma t t e r how much i t ' s
r epea t ed i t ' s no t comp l ex somehow . So i f you l ook a t i t f rom t ha t po i n t o f v i ew and say we l l how
can we t a l k abou t t he comp l ex i t y o f s i l i con a l gor i t hms , i t ' s r ea l l y t he sor t o f un i que f unc t i on and
t he amoun t o f un i que i n t e r connec t i on t ha t have t o be spec i f i ed , t ha t a r en ' t j us t r epea t ed r egu l a r l y ,
t ha t g i ves you t he na t ur e o f t he comp l ex i t y o f t he t h i ng . So l e t ' s l ook a t Geo f f r ey Fox ' s mach i ne .
I t ' s a c r ys t a l . He ' s a l r eady t o l d you t ha t . No ma t t e r how b i g i t i s i t ' s a c r ys t a l . I t has one k i nd o f un i t
ce l l t ha t ' s hooked up i n some way t o i t s ne i ghbor s . so you have t o spec i f y exac t l y wha t you have
t o spec i f y i n a c r ys t a l : i t ' s no mor e comp l ex t han t he desc r i p t i on o f i t s un i t ce l l and o f i t s
connec t i ons . And t he f ac t t ha t i t m i gh t have a l onge r - word ALU doesn ' t make i t mor e
comp l i ca t ed . Bu t i f i t has a mor e comp l i ca t ed ALU - - i f i t does f l oa t i ng - po i n t , t ha t ' s a l o t mor e
comp l i ca t ed t han a f i xed - po i n t ALU . Bu t i f you go f rom a 16 - b i t ALU t o a 64 - b i t ALU t ha t
doesn ' t make i t mor e comp l i ca t ed , a l gor i t hm i ca l l y . I t ' s ha rde r f or t he f ab guy t o ge t y i e l d ou t o f i t ,
so f rom h i s po i n t o f v i ew i t may be qua l i t a t i ve l y d i f f e r en t . So t he way I l ook a t i t i s t ha t t he f ab
guys have c r ea t ed a t echno l ogy t ha t ' s i ndependen t o f wha t peop l e use i t f or : a sys t ems des i gne r
can sue i t f or e i t he r a soph i s t i ca t ed purpose or a dead s i mp l e purpose . I f peop l e dec i de t o j us t
make c r ys t a l s ou t o f i t - - make a memor y - - wh i ch doesn ' t have any mor e concep t ua l con t en t t han
memor i es eve r d i d , t hen i t ' s j us t a cos t - r educ t i on mechan i sm . Tha t ' s a l l i t i s . I t hasn ' t added any
r ea l va l ue excep t t ha t you ge t mor e memor y i n a box o f t he same s i ze f or t he same pr i ce . And
t ha t ' s n i ce . Bu t t he r ea l va l ue o f i t added by wha t you pu t i n t o t he memor y. And t ha t ' s why
memor i es a r e cheap : t he r e ' s no concep t ua l con t en t i n t hem . Bu t now you t ake some t h i ng l i ke a 32 -
b i t m i c roprocessor - - and I was a l i t t l e f ace t i ous : t he 286 i s r ea l l y qu i t e a b i t mor e soph i s t i ca t ed
t han t he 8080 - - so i n f ac t t hey ' ve added mor e va l ue t he r e t han you wou l d i f i t had been a memor y ,
because i t does a l o t o f t h i ngs be t t e r ; on t he o t he r hand , i f you t ake t ha t ano t he r l eve l and ask i f
t he r e ' s any new concep t ua l con t en t i n i t , we l l no , i t ' s do i ng wha t m i n i compu t e r s a l ways d i d . So i t ' s
new t o s i l i con i n some way maybe bu t i t adds no t h i ng new t o t he t heor y o f compu t i ng .
I nc i den t a l l y , t h i s i s why t he r e ' s a l ways wha t peop l e ca l l t he ha rdwa r e / so f t wa r e t r adeo f f . I t means
whe r e i s t he va l ue? I s t he va l ue i n t he pa t t e rns on t he s i l i con or i s t he va l ue i n t he l i t t l e b i t - pa t t e rns
i n t he memor y a f t e r you ' ve made t he s i l i con? And you can a l ways t r ade t ha t o f f . The i n f orma t i on ' s
a l ways go i ng t o be on t he s i l i con , bu t i t may be i n l i t t l e e l ec t r i ca l cha rges on t he memor y
l oca t i ons ; i n wh i ch case i t was t he va l ue added by t he guy t ha t wro t e t he so f t wa r e . Or i t may be
t ha t someone ac t ua l l y c r ea t ed a s t ruc t ur e t ha t embod i ed t ha t a l gor i t hm , i n wh i ch case he pu t i t
d i r ec t l y on t he s i l i con - - i n t he w i r i ng , i n t he con t en t o f t hose p i eces o f s i l i con . So f or me , VLS I
beg i ns when you can s t a r t t h i nk i ng abou t a l gor i t hm i c comp l ex i t y. Tha t ' s when i t ge t s i n t e r es t i ng .
And I ' ve a l ways t hough t o f i t t ha t way , eve r s i nce i t was j us t LS I . Because t he po t en t i a l was t he r e
t o bu i l d r ea l l y comp l ex t h i ngs .

GENE : The s i l i con a l gor i t hm i s a pho t ogr aph t ha t does wha t i t r epr esen t s .

CARVER : Fur t he rmor e t hey ' r e beau t i f u l . As f orms , t hey ' r e beau t i f u l . I f you ' ve l i ved w i t h t hem f or
awh i l e you can appr ec i a t e t hem as an a r t f orm . You can t e l l a beau t i f u l des i gn f rom an ug l y des i gn
t ha t does t he same t h i ng ve r y eas i l y .

CARVER : The r e a r e t wo t r ans i s t or s pe r memor y l oca t i on i n a DRAM and s i x i n a SRAM . And
t hr ee or f our t r ans i s t or s pe r ga t e , i f you ' r e bu i l d i ng ga t es . Bu t t he pa r t t hey don ' t t e l l you - - t hese
peop l e t ha t l i ke t o coun t ga t es - - i s t ha t i f you t ake a good we l l - des i gned s i l i con ch i p t ha t ' s done by
expe r t s and you make a ga t e d i agr am f or wha t i t does - - see , t he t h i ng i t se l f can ' t be r epr esen t ed by
ga t es , because t hey don ' t r epr esen t a l o t o f t he f unc t i ona l i t y you can ge t w i t h t r ans i s t or s . B i t i f you
make a ga t e d i agr am o f t he t h i ng i t t urns ou t t ha t we ge t abou t one equ i va l en t ga t e f or eve r y one
and a ha l f t r ans i s t or s . Because you use t r ans i s t or s no t f or mak i ng ga t es bu t f or mak i ng t h i ngs
much mor e c l eve r t han ga t es . L i ke you use a s i ng l e - pass t r ans i s t or as a memor y l oca t i on . I f you
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had t o bu i l d t ha t w i t h ga t es you ' d have t o make t wo c ross - coup l ed AND ga t es and some o t he r
s t u f f and i t ' d t ake a t l eas t f our ga t es t o make wha t one s i ng l e - pass t r ans i s t or does . So ga t es a r en ' t
an appropr i a t e desc r i p t i on f or wha t happens i n VLS I . and t he r e ' s t h i s enormous a rgumen t abou t
we l l , t ha t ' s 30 , 000 t r ans i s t or s t ha t ' s on l y 8000 ga t es . No 30 , 000 t r ans i s t or s i s probab l y l i ke 20 , 000
ga t es - - i f you d i d i t w i t h ga t es , l i ke i n a ga t e - a r r ay . Tha t pa r t doesn ' t ge t t o l d . Bu t i t means you ' r e
us i ng t he s i l i con i n a much mor e e f f ec t i ve way t han mak i ng ga t es ou t o f i t . So t o summa r i ze , i f i t ' s
done we l l t he numbe r o f t r ans i s t or s pe r ga t e - equ i va l en t i s be t ween one and t wo . Tha t ' s because
you don ' t use t hem t o make ga t es ; i f you used t hem t o make ga t es i t ' d be t hr ee or f our . So you ' r e
a l r eady us i ng t hem t w i ce as e f f ec t i ve l y as you wou l d i f you made ga t es , j us t by be i ng t he s l i gh t es t
b i t i n t e l l i gen t .

GENE : Wha t i s mean t by " dev i ces pe r ch i p " and how much o f t he ch i p a r ea i s devo t ed t o
" ga t es " and how much t o w i r es?

CARVER : Dev i ces usua l l y r e f e r s t o t r ans i s t or s , and t ha t ' s m i s l ead i ng because w i r es t ake up abou t
95 pe r cen t o f t he ch i p a r ea . Le t me say i t ano t he r way : i f you pu t t he w i r es down t ha t have t o be
t he r e you can usua l l y s l i p t he t r ans i s t or s unde rnea t h and no t no t i ce . I t ' s down on t he bo t t om l eve l s
and t he w i r es go ove r t he t op , and usua l l y t he w i r es you can wor k i n w i t h p i eces o f t he t r ans i s t or
and i t t urns ou t t ha t i f t hey we r e shrunk t o ze ro a r ea f or t he ac t ua l t r ans i s t or s t hemse l ves you
wou l dn ' t save mor e t han f i ve or t en pe r cen t o f ch i p a r ea .

GENE : So when you say 100 m i l l i on t r ans i s t or s pe r ch i p you ' r e on l y t a l k i ng abou t t en
pe r cen t o f t he ch i p a r ea?

CARVER : Yeah , bu t you see , i f i t we r e j us t t he t r ans i s t or s t he r e t hey wou l dn ' t do any t h i ng . Wha t
t hey do i s de t e rm i ned by how t hey ' r e i n t e r connec t ed . So ac t ua l l y i t ' s no t a bad measur e , because
when peop l e have a wor k i ng ch i p t hey t e l l you how many t r ans i s t or s t hey we r e ab l e t o
i n t e r connec t cons t ruc t i ve l y . And t ha t ' s an i mpor t an t numbe r . Tha t numbe r i s one d i mens i on o f t h i s
comp l ex i t y i ssue : i t doesn ' t t e l l you i f t hey ' r e ex t r eme l y r egu l a r or i f t hey have mor e i n f orma t i on
t han t ha t i n t hem . And j us t because a t h i ng appea r s r egu l a r doesn ' t mean t he r e i sn ' t i n f orma t i on i n
i t t ha t makes t h i ngs no t equ i va l en t t o o t he r t h i ngs . L i ke a ROM l ooks ex t r eme l y r egu l a r bu t i t may
have a l o t o f i n f orma t i on i n i t because o f t he pa t t e rns i n ROMs . L i ke Geo f f r ey Fox ' s compu t e r : i f
you we r e t o pu t a d i f f e r en t progr am i n eve r y mach i ne , i t wou l d be a much mor e comp l ex t h i ng
t han i f you have one progr am i n a l l t he mach i nes . Tha t ' s wha t I mean t by a l gor i t hm i c comp l ex i t y .
O f cour se , f i gur i ng ou t how t o use i t wou l d a l so be t ha t much mor e comp l ex .

GENE : I s t he r e a ru l e o f t humb by wh i ch you can r e l a t e t he m i n i mum f ea t ur e s i ze or des i gn
ru l e t o t he t o t a l a r ea o f a t r ans i s t or i n t e rms o f squa r e m i c rons?

CARVER : A t yp i ca l t r ans i s t or i n t oday ' s wor l d i s o f t he orde r o f one des i gn ru l e by one des i gn
ru l e . Thr ee by t hr ee i s t he mos t common t r ans i s t or .

GENE : I r ead some t h i ng t ha t sa i d 480 squa r e m i c rons .

CARVER : Tha t ' s t he amoun t o f ch i p pe r dev i ce . I f you t ake t he t o t a l numbe r o f dev i ces and d i v i de
by ch i p a r ea t ha t ' s wha t you ge t . So t hen i mmed i a t e l y you can t ake t hose t wo numbe r s and f i gur e
ou t wha t t he f r ac t i on o f u t i l i za t i on i s .

GENE : Wha t i s t he compu t e r r evo l u t i on?

CARVER : The r e a r e a numbe r o f l eve l s . The mos t obv i ous l eve l i s t ha t s i nce anybody can own an
ord i na r y Von Neumann - s t y l e compu t e r , peop l e a r e now d i scove r i ng t ha t t hey can do a l o t o f
t h i ngs , so eve r ybody ' s go t a PC a t home . They wr i t e progr ams t o do a l l k i nds o f t h i ngs . Tha t ' s
become a t h i ng you can t a l k abou t wh i ch you cou l d neve r t a l k abou t be f or e . I t ' s l i ke t he ca r .
Enough peop l e own ca r s t ha t you can t a l k abou t t hem as a me t aphor f or exp l a i n i ng o t he r t h i ngs .
To me t ha t ' s been t he va l ue o f t he m i c rocompu t e r phenomenon : no t so much wha t t hey do bu t t he
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f ac t t ha t t hey ' r e obv i ous enough and use f u l enough and ub i qu i t ous enough t ha t eve r ybody knows
a t l eas t some t h i ng abou t t hem . They ' r e no t gr ea t b i g t h i ngs t ha t gobb l e you up anymor e . So t ha t ' s
been a b i g he l p . Bu t much mor e i mpor t an t t han t ha t i n t e rms o f m i c rocompu t e r s a r e t he
m i c rocompu t e r s t ha t ge t bu i l t i n t o t h i ngs - - t e l ephones and t ypewr i t e r s and VCRs and a l l t he
ord i na r y eve r yday l i f e app l i ances and t oo l s . E l ec t r i c dr i l l s . A l o t o f peop l e don ' t unde r s t and t ha t
t he r eason e l ec t r i c dr i l l s don ' t ge t s t uck as much as t hey used t o i s t ha t t hey have a m i c roprocessor
i n t hem t ha t l ooks a t how f as t t he chuck ' s go i ng a round and whe r e your f i nge r i s on t he t r i gge r and
f i gur es ou t wha t t hey ough t t o do . Those a r e r ea l l y much mor e powe r f u l i n t he r evo l u t i on t hey
c r ea t e because t hey so l ve r ea l prob l ems i ns t ead o f be i ng some t h i ng t ha t you have t o progr am t o
so l ve a r ea l prob l em . They ac t ua l l y j us t do i t . Somebody wor ked t he who l e t h i ng ou t i ns t ead o f
j us t say i ng we l l he r e , now i t ' s your t urn . A l l o f t h i s i s i n t he con t ex t o f wha t peop l e t h i nk o f as
compu t e r s . The f ac t t ha t t he r e has occur r ed a v i ab l e t h i rd - pa r t y so f t wa r e i ndus t r y whe r e i t ' s now
cons i de r ed OK t o wr i t e so f t wa r e , you can ac t ua l l y make money do i ng t ha t . Tha t ' s no t some t h i ng
t ha t was pe r ce i ved a f ew yea r s ago . Tha t ' s whe r e mos t o f t he ac t ua l va l ue i s added i n t e rms o f
a l gor i t hm i c comp l ex i t y . The va l ue i s added i n t he progr ams , no t t he ha rdwa r e i t se l f . The ha rdwa r e
i s t r i v i a l . Mos t compu t e r s don ' t have much i n t hem . They ' r e r ea l l y j us t a r ecep t ac l e f or so f t wa r e .
So o f cour se t he r ea l l y i mpor t an t t h i ng t ha t ' s com i ng up - - and we haven ' t r ea l l y begun t o see i t - -
i s t he r evo l u t i on o f a l gor i t hms i n s i l i con , whe r e a l l t he t h i ngs you cou l d neve r do w i t h compu t e r s -
- wh i ch we r e t he t h i ngs you r ea l l y wan t ed t o do - - l i ke make p i c t ur es and mus i c and a l l o f t he
t h i ngs t ha t r e l a t e t o peop l e and t o wha t peop l e r ea l l y wan t t o do - - ord i na r y compu t e r s can ' t t ouch
t ha t . They ' r e o f f by a t l eas t f i ve orde r s o f magn i t ude i n compu t a t i ona l powe r . Tha t t o me i s t he
r ea l l y exc i t i ng t h i ng and i t ' s t he t h i ng t ha t hasn ' t been t ouched ye t by wha t peop l e a r e t a l k i ng abou t
as t he compu t e r r evo l u t i on . Bu t I t h i nk i f you d i g unde rnea t h a l l t ha t , peop l e ' s no t i on o f va l ue i s
chang i ng . I t used t o be t ha t peop l e t hough t o f ma t e r i a l as va l ue , so t hey ' d t h i nk abou t s t ee l or
a l um i num or go l d or d i amonds . I t was t h i ngs t ha t we r e va l uab l e . A f t e r a wh i l e i t became c l ea r t ha t
i t was a l so ene rgy t ha t was va l uab l e : ene rgy a l l owed you t o t r ans f orm t h i ngs i n t o o t he r t h i ngs . Up
un t i l ve r y r ecen t l y t ha t ' s been peop l e ' s i mage o f va l ue : t h i ngs he l d va l ue . And t he f ac t t ha t i t ' s
ac t ua l l y i n f orma t i on t ha t ' s t he t h i ng t ha t ' s va l uab l e r a t he r t han t he subs t ance , i s some t h i ng t ha t ' s a
new i dea . Tha t ' s why nobody wou l d g i ve you a d i me f or so f t wa r e . Because wha t t he he l l i t ' s j us t a
t ape you can copy so why i s t he r e any va l ue i n i t . You cou l d have sa i d t he same f or mo t i on
p i c t ur es excep t t ha t was i n a d i f f e r en t doma i n so i t had d i f f e r en t l aws and i t gr ew up unde r s t and i ng
t ha t t he va l ue wasn ' t i n t he ce l l u l o i d . Bu t eve r yp l ace e l se , espec i a l l y i n t echno l ogy , peop l e had t h i s
ve r y we i rd v i ew o f whe r e t he va l ue r ea l l y was . To me t he mos t f undamen t a l r evo l u t i on t ha t ' s
go i ng on i s peop l e a r e now beg i nn i ng t o pe r ce i ve t ha t no t j us t i n en t e r t a i nmen t i s t he i n f orma t i on
t he i mpor t an t t h i ng . And t ha t ' s a l ways been t rue i n en t e r t a i nmen t , i n mus i c and mo t i on p i c t ur es
and pa i n t i ngs . I t wasn ' t t hose l i t t l e t ubes o f pa i n t and a p i ece o f canvas , i t was t he i n f orma t i on t ha t
was t he r e . So i t ' s a l ways been t rue i n t he a r t s bu t i t has t aken a l ong t i me t o dawn i n o t he r a r eas .
And now i t ' s happen i ng i n mach i nes and bus i nesses . Peop l e a r e beg i nn i ng t o see t ha t t he
i n f orma t i on i s t he va l uab l e t h i ng . I t br i ngs t hese c l ose r t o t he f i ne a r t s and t he human pur su i t s , no t
f a r t he r away . Tha t ' s no t gene r a l l y pe r ce i ved bu t i t ' s ve r y t rue .

GENE : I s i t f a i r t o say t ha t h i gh l y concur r en t s i l i con a l gor i t hms pu t many orde r s o f
magn i t ude mor e compu t i ng powe r i n t he hands o f ave r age peop l e? I s t ha t pa r t o f t he
r evo l u t i on?

CARVER : Oh yeah . Th i ngs t ha t t he ord i na r y compu t e r cou l d neve r do . V i s i on . Speech
unde r s t and i ng . Mus i c . V i sua l s i mu l a t i on .

End o f Ca r ve r
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Ca r ve r Mead I n t e r v i ew Pa r t I I I
(W i t h D i ck Lyon , Sch l umbe rge r A I r esea r che r )
By : Gene Youngb l ood
Documen t 3 o f 4 o f Mead I n t e r v i ew

CARVER : When I say t ha t one o f our mus i c ch i ps i s equa l t o 600 VAXes , we l l , " equa l " i s a f unny word . Wha t I
mean i s t ha t i f you do t he same ca l cu l a t i ons on a VAX i t t akes abou t t en m i nu t es t o do one second o f sound . So one
o f t hose ch i ps does as much compu t a t i on o f t ha t pa r t i cu l a r sor t as 600 VAXes cou l d do . Now VAXes a r e ve r y
poor l y se t up f or do i ng compu t a t i ons o f t ha t sor t , bu t so i s eve r y o t he r gene r a l purpose compu t e r . Now t he r e a r e
spec i a l - purpose eng i nes t ha t can do compa r ab l e t h i ngs ; so m i ne i sn ' t t he on l y way t o do i t .

GENE : Wha t d i d you mean by " by t he t i me you ge t done shu f f l i ng a l l t he da t a a round , you w i nd up w i t h
some t h i ng t ha t ' s a f ew hundr ed t i mes r ea l t i me i ns t ead o f a f ew t ens t i mes r ea l t i me? " Wha t do you mean by
r ea l t i me?

CARVER : You ough t t o be ab l e t o gene r a t e t he sound as f as t as you need t he samp l es . To compu t e t he samp l es as
f as t as t hey ' r e needed f or you t o hea r t he sound . You can t do t ha t on a r egu l a r compu t e r . I f you l ook a t how many
mu l t i p l i es and adds i t t akes pe r second t o do t hese k i nds o f compu t a t i ons , i t ' s on l y f i ve or t en m i l l i on pe r second .
Tha t sounds l i ke f i ve or t en t i mes as many as a VAX can do . Bu t i t t urns ou t t ha t ' s no t a l l t he VAX i s do i ng . I t ends
up shu f f l i ng a l l t he da t a a round t o be i n t he r i gh t p l ace - - you f e t ch i t and you ge t i t i n t he mach i ne and you
mu l t i p l y i ng i t and t hen you ge t i t back ou t aga i n . And a l l t hose how many mu l t i p l i es you can do pe r second don ' t
coun t i f you ' r e on l y ge t t i ng t he da t a t o mu l t i p l y , you see . We we r e ve r y surpr i sed . Peop l e had t o l d me t h i s f or
yea r s , and I a l ways t hough t we l l yeah , i t ' s t rue f or gene r a l progr ams , bu t I neve r t hough t t ha t f or a progr am l i ke t h i s
i t wou l d be t rue t ha t da t a shu f f l i ng t ook mos t o f t he t i me . Bu t i t t urns ou t t ha t t he r e ' s enough p i eces o f da t a t ha t you
have t o gr i nd on and pu t i n t o o t he r p l aces t ha t t ha t ends up t ak i ng mor e t i me t han a l l t he mu l t i p l i es . Eve r y t i me you
wan t a p i ece o f da t a you ' ve go t t o compu t e i t ' s addr ess , t hen do a pa r t i a l ca l cu l a t i on , t hen f i gur e ou t whe r e t o pu t
t he answe r , and t hen pu t i t back , and so on . A l l t hose t h i ngs ea t you a l i ve . So on l y abou t one - t en t h o f t he
i ns t ruc t i ons ac t ua l l y end up mu l t i p l y i ng any t h i ng . So you cou l d do t he ac t ua l mu l t i p l i es i n ze ro t i me and i t doesn ' t
speed t h i ngs up ve r y much . Whe r eas w i t h spec i a l - purpose a r ch i t ec t ur e you a r r ange i t so t he da t a au t oma t i ca l l y
f l ows t o t he r i gh t p l ace a t t he r i gh t t i me . I n f ac t i n our ch i p and o t he r s t ha t was t he key t o t he who l e des i gn - - t o
make sur e t ha t t ha t ' s wha t happened .

GENE : I s t he r e a ru l e o f t humb f or t he amoun t o f speedup you ge t f rom a ded i ca t ed a r ch i t ec t ur e . A l l e l se
be i ng equa l , i f you ' r e go i ng t o pu t t he same a l gor i t hm i n s i l i con as opposed t o runn i ng i t on a VAX . Wha t
k i nd o f speedup i n pr i nc i p l e , j us t by do i ng t ha t ?

CARVER : For a l o t o f t he app l i ca t i ons we ' ve l ooked a t i t ' s mor e t han t wo orde r s o f magn i t ude . One way t o l ook a t
i t i s t ha t you ge t one f ac t or o f t en f rom wha t was j us t be i ng d i scussed - - f rom t he f ac t t ha t i t ' s spec i a l i zed - - and
t hen as many mor e f ac t or s o f t en as you l i ke f rom t he f ac t t ha t you ' r e pu t t i ng mor e o f t he spec i a l i zed ha rd - wa r e i n
t ha t - - you ge t a f ac t or o f t en or 100 because you used 10 or 100 mu l t i p l i e r s and ano t he r f ac t or o f t en because i t ' s
no t gene r a l purpose . So t ha t ' s a hundr ed or a t housand r i gh t t he r e . So t ha t ' s why we ' r e a t a f ac t or o f t he orde r o f
1000 - - because you ' ve go t t h i ngs wor k i ng i n pa r a l l e l and t hen you ' r e no t do i ng any da t a - shu f f l i ng . So t ha t ' s
ano t he r f ac t or o f t en .

D I CK : My speech r ecogn i t i on mach i ne ' s ge t t i ng t he same f ac t or w i t h r espec t t o our gene r a l - purpose compu t e r ; I
ge t somewhe r e be t ween a f ac t or o f 1000 and 5 000 speedup . I ' m do i ng speech r ecogn i t i on by i mp l emen t i ng a mode l
o f how t he ea r processes sounds . Sounds o f a l l sor t s i nc l ud i ng mus i c .

CARVER : So my mach i ne does t h i s pa r t i cu l a r c l ass o f compu t a t i ons abou t 600 t i mes f as t e r t han a VAX . Bu t i t
won ' t run a PASCAL progr am and i t doesn ' t run UN I X and i t doesn ' t ma i n t a i n a f i l e sys t em . The way I t h i nk o f
gene r a l purpose compu t e r s i s t hey ' r e t he l i t t l e env i ronmen t t ha t does a l l t hose s t up i d t h i ngs - - hooks up t o
E t he rne t s , hooks up t o t e l ephone l i nes , hooks up t o keyboa rds , hooks up t o humans , comp i l es l anguages , accesses
f i l e sys t ems - - does a l l t hose t h i ngs AND i ssues commands t o t he spec i a l - purpose eng i nes t ha t do t he r ea l l y ha rd
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grun t - wor k a t housand or mor e t i mes f as t e r t han i t cou l d .

CARVER : S i x hundr ed t i mes a VAX wou l d be abou t t en t i mes as f as t as a Cr ay . I haven ' t progr ammed t h i s on a
Cr ay so I wou l dn ' t say t ha t ; i n f ac t a Cr ay i s se t up t o do t h i s k i nd o f ca l cu l a t i on r easonab l y we l l a l so , so t ha t f or
t h i s pa r t i cu l a r t ask t he Cr ay m i gh t be mor e t han 60 t i mes a VAX . I wan t t o be ve r y ca r e f u l no t t o m i s l ead peop l e
abou t t h i s . One way o f t h i nk i ng abou t i t i s t ha t you ' r e no t j us t t ak i ng t he VAX and mak i ng a spec i a l purpose t h i ng ;
you ' r e t ak i ng t he who l e progr am t ha t does a spec i a l t h i ng on t he VAX and you ' r e say i ng t ha t I ' m go i ng t o t ake t ha t
ve r y spec i a l app l i ca t i on and i ns t ead o f a gene r a l purpose progr amm i ng l anguage on a gene r a l purpose compu t e r ,
I ' m go i ng t o pu t t he who l e t h i ng - - app l i ca t i on and a l l - - r i gh t down i n t o s i l i con .

GENE : Who i nven t ed t he s i l i con comp i l e r?

CARVER : I t evo l ved gr adua l l y ove r a pe r i od o f abou t e i gh t yea r s . Bu t t he f i r s t one t ha t was r ecogn i zab l e as a
comp i l e r i ns t ead o f some t h i ng l ess gene r a l was done by Dave Johannsen i n 1977 . I d i d a ve r y spec i a l purpose one
i n 1971 f or f i n i t e - s t a t e mach i nes , bu t i t wasn ' t a s i l i con comp i l e r i n t he sense t ha t we t a l k abou t t hem t oday .

GENE : The appea r ance o f s i l i con comp i l e r s i s a s i gn i f i can t h i s t or i ca l even t ; does wha t makes t hem poss i b l e
come ou t o f your s t ruc t ur ed approach t o VLS I des i gn?

CARVER : I t had been poss i b l e f or a l ong t i me . I t i sn ' t a ma t t e r o f mak i ng i t poss i b l e ; i t ' s t ha t peop l e had been
t h i nk i ng o f hand - c r a f t i ng eve r y t h i ng because i n t he ea r l y days you neve r had enough s i l i con t o was t e any a t a l l .
And any s t ruc t ur ed approach t o des i gn i s i n some sense s l i gh t l y i ne f f i c i en t a t t he bo t t om l eve l . You can a l ways f i nd
l i t t l e p l aces t ha t a r en ' t a l l f i l l ed up w i t h t r ans i s t or s . Exac t l y t he same h i s t or y happened i n code . Back when
mach i nes on l y had a 4K memor y , peop l e wro t e eve r y mach i ne i ns t ruc t i on because you cou l dn ' t a f f ord any was t e a t
a l l . Bu t when you have a megaby t e o f memor y you can l e t a comp i l e r a l l oca t e va r i ab l es because i f you was t e t en
pe r cen t i t doesn ' t ma t t e r any mor e . The same t h i ng i s t rue o f s i l i con comp i l a t i on : peop l e d i d no t f or esee t he f ac t
t ha t we wou l d have so much r ea l es t a t e ava i l ab l e ; t ha t t he r ea l prob l em was t he des i gn cos t , no t t he cos t o f t he r ea l
es t a t e . When I t r i ed t o t e l l peop l e t ha t i n t he ea r l y days t hey l aughed a t me . Tha t was w i t h i n f i ve yea r s o f t he t i me
t hey we r e s t and i ng up and say i ng i t ' s t he mos t i mpor t an t prob l em f or t he sem i conduc t or i ndus t r y . They we r e
l augh i ng when you wou l d say t ha t t he des i gn cos t was go i ng t o be l a rge r t han t he produc t i on cos t f or comp l i ca t ed
pa r t s . Now t ha t i t ' s t rue i t ' s t hem t ha t i nven t ed i t . Bu t a t t he t i me I r emembe r t r y i ng t o ge t t he I n t e l peop l e i n t e r es t ed
- - t h i s was i n 1973 - - and Gordon Moor e sa i d i t was an academ i c prob l em , and by t he l a t e 1970s he was pub l i sh i ng
h i s cur ve o f t he des i gn cos t s go i ng up t o t he moon . The comp i l e r v i ewpo i n t comes f rom say i ng we ' r e go i ng t o have
enough r ea l es t a t e and we ' r e no t go i ng t o have enough eng i nee r i ng man - hour s , so wha t you ough t t o be wor k i ng on
i s t he des i gn prob l em , no t how dense i s t he s i l i con .

D I CK : Bu t i t ' s s t i l l f a i r t o say t ha t t h i s approach o f do i ng t h i ngs i n a mor e s t ruc t ur ed way i s wha t made s i l i con
comp i l e r s poss i b l e , by se t t i ng up t ha t way o f t h i nk i ng . To go f rom hand - c r a f t i ng t o s t ruc t ur a l bu i l d i ng b l ocks se t s
t he s t age f or t he nex t t h i ng , wh i ch i s comp i l a t i on . So i t ' s f a i r t o say t ha t t he Mead - Conway approach made s i l i con
comp i l e r s poss i b l e .

CARVER : And Dave Johannsen was t he one who f i r s t r ea l l y saw how t o pu l l t he who l e t h i ng t oge t he r i n a much
mor e gene r a l way t han peop l e had done be f or e .

GENE : So i t ' s a k i nd o f syne rgy be t ween VLS I , wh i ch makes poss i b l e a mor e s i mp l i f i ed s t ruc t ur ed
approach , p l us t ha t mak i ng poss i b l e t he s i l i con comp i l e r - - a l l o f t ha t t oge t he r r esu l t s i n t he ab i l i t y t o pu t
a l gor i t hms i n s i l i con w i t h a f as t t urna round t i me . You can ' t sepa r a t e t he comp i l e r f rom t he s t ruc t ur ed
approach and you can ' t sepa r a t e t he s t ruc t ur ed approach f rom VLS I .

CARVER : The r e a r e a l o t o f t h i ngs t ha t can ' t be sepa r a t ed . Hav i ng peop l e i n bus i ness who a r e w i l l i ng t o f ab ch i ps
t ha t you des i gn . I n f ac t we had t o s t a r t a who l e new se t o f compan i es t o do t ha t because t he t r ad i t i ona l
sem i conduc t or peop l e d i dn ' t wan t t o do i t . They s t i l l don ' t wan t t o do i t . They ' l l do i t f or t he i r l a rge cus t ome r s who
wan t t o make a m i l l i on pa r t s . So t h i s t h i ng cou l dn ' t happen un t i l we had access t o f abr i ca t i on . And t he r e was a
ma j or amoun t o f ene rgy wen t i n t o ge t t i ng peop l e t o unde r s t and t ha t t he r e was a good bus i ness i n t ha t ; and r i gh t
now t ha t ' s t he on l y pa r t o f t he sem i conduc t or bus i ness t ha t ' s mak i ng money . I t ' s happen i ng i n a b i g way now .
DARPA prov i des f ab se r v i ces a t a ve r y l ow cos t t o r esea r ch pro j ec t s i n a f ew hundr ed un i ve r s i t i es . Bu t t he r e a r e
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a l so a numbe r o f comme r c i a l p l aces t ha t w i l l do t ha t k i nd o f t h i ng now f or l ow- vo l ume eng i nee r i ng pro t o t ypes .

GENE : How do you t a l k abou t wha t i s ac t ua l l y on a ded i ca t ed ch i p? Wha t makes t he adde r s and mu l t i p l i e r s
i n your ch i p ded i ca t ed?

CARVER : We l l , on one o f our ch i ps we ' r e ap t t o have f i f t y mu l t i p l i e r s a l l wor k i ng a t t he same t i me ; on a
m i c roprocessor you have t o have one - - or ze ro , mor e l i ke l y , because t hey use adde r s i ns t ead and make up t he
mu l t i p l y ou t o f add i t i ons . A l mos t a l l m i c roprocessor s i nc l ud i ng t he MC68000 have ze ro mu l t i p l i e r s . Bo t h i n D i ck ' s
speech ch i p and t he ch i p we use f or mus i c , t he key i s t he r e ' s a way t o se t i t up so t ha t whe r e t he da t a comes f rom
and whe r e i t goes t o i s some t h i ng t ha t can be se t up and j us t run and no t t ake a bunch o f i ns t ruc t i ons t o f i gur e ou t
eve r y t h i ng .

GENE : Because t he i ns t ruc t i ons a r e t he ch i p?

CARVER : The ch i p has a spec i a l i zed way o f se t t i ng up whe r e t he da t a shou l d come f rom and whe r e i t shou l d go ,
so t ha t t he f ac i l i t i es f or mov i ng da t a e f f i c i en t l y f rom eve r y p l ace i t m i gh t wan t t o come f rom t o eve r y p l ace i t m i gh t
wan t t o go t o a r e a b i g pa r t o f t he ch i p . And i t ' s no t ha rdw i r ed t o a pa r t i cu l a r a l gor i t hm ; i t ' s go t enough f l ex i b i l i t y t o
be ab l e t o run a r easonab l e numbe r o f a l gor i t hms w i t h i n a c l ass . L i ke d i f f e r en t mus i c i ns t rumen t mode l s can be pu t
on our ch i p . D i f f e r en t k i nds o f d i g i t a l f i l t e r i ng s t ruc t ur es can be pu t on D i ck ' s speech ch i p .

GENE : So i t ' s no t accur a t e t o say t ha t t h i s ch i p i s a ce l l o?

CARVER : I t can be con f i gur ed t o be any k i nd o f i ns t rumen t , bu t i t ' s ded i ca t ed i n t he sense t ha t i t pe r f orms t ha t
l i m i t ed c l ass o f ca l cu l a t i ons wh i ch a r e r e l evan t t o t hose phys i cs f ormu l as . The b i g cha l l enge i n t h i s spec i a l i zed
ha rdwa r e game i s t o make a p i ece o f ha rdwa r e t ha t ' s no t so spec i a l i zed t ha t i t ' s on l y good f or one t h i ng . You wan t
t o l eave a ce r t a i n amoun t o f progr ammab i l i t y o f some sor t . Th i s r esu l t s i n a good chunk o f your s i l i con a r ea - -
maybe as much as ha l f - - be i ng ded i ca t ed t o t he j ob o f ge t t i ng da t a f rom whe r e i t ' s com i ng f rom t o whe r e i t ' s go i ng .
I n a gene r a l purpose compu t e r t ha t t akes n i ne t y pe r cen t o f your r esour ces ; i n our ch i ps i t ' s probab l y l ess t han 20
pe r cen t , i n D i ck ' s speech ch i p i t ' s f i f t y pe r cen t . You ge t d i f f e r en t amoun t s o f gene r a l i t y f or t he d i f f e r en t amoun t s o f
ove rhead .

GENE : How many t r ans i s t or s i s on your ch i p?

CARVER : I t has 64 mu l t i p l i e r s , each g i v i ng a 32 by 32 mu l t i p l y w i t h a 64 - b i t produc t . The r e a r e 32 s t ages o f t he
mu l t i p l y . I t has abou t 200 , 000 t r ans i s t or s . Tha t ' s a l o t l ess t han t he Hew l e t t - Packa rd ch i p t ha t has 450 , 000 . Bu t f or
t h i s pa r t i cu l a r app l i ca t i on our ch i p i s abou t 1000 t i mes f as t e r . The t i me - honor ed way o f ge t t i ng a h i gh t r ans i s t or
coun t i s t o pu t a l o t o f memor y on t he ch i p . Our ch i p has a l o t o f memor y wh i ch i s m i xed i n w i t h t he processor s ,
and t he ve r y t h i ng t ha t makes i t e f f i c i en t i s t ha t you m i x t he process i ng i n w i t h t he memor y so you don ' t have t o
move t h i ngs f rom t he memor y t o a process i ng e l emen t and back . You m i x t hem t oge t he r so process i ng i s go i ng on
a l l t he t i me . Le t me say wh i l e we ' r e a t i t t ha t t he 600 VAXes es t i ma t e i s ex t r eme l y conse r va t i ve because t he c l ock
f or our ch i p i s s l owed down so t ha t i t ma t ches t he samp l e r a t e wh i ch i s t he s t anda rd t ha t a l l D t o A conve r t e r s use .
The r e ' d be no t h i ng t o pr even t us f rom runn i ng t he ch i p f i ve t i mes f as t e r i f you wan t ed t o do gr aph i cs i ns t ead o f
sound . Bu t i n a sense t ha t ' s no t f a i r because we ' r e compu t i ng t hese samp l es ; and t he f ac t t ha t you cou l d compu t e
t hem f as t e r t han r ea l t i me doesn ' t he l p . On t he o t he r hand , because a VAX compu t es t hem s l owe r t han r ea l t i me we
ough t t o be ab l e t o a t l eas t coun t t ha t somehow . Bu t essen t i a l l y once you ' r e a t r ea l t i me a t a g i ven samp l i ng
r eso l u t i on you don ' t need t o go any f as t e r . Your ea r cou l dn ' t hea r i t anyway . Now i f we we r e wor k i ng on ba t s
i ns t ead o f humans , we l l ba t s can hea r a t 200 KHz i ns t ead o f 20 - - t hey ' r e 10 t i mes f as t e r t han peop l e - - so t hen we ' d
have t o run t he c l ock 10 t i mes as f as t . We cou l d do t ha t , t oo , i n wh i ch case i t ' d be t he equ i va l en t o f 6000 VAXes .
Now t he o t he r t h i ng i s t ha t you may have t he need t o gene r a t e 10 mus i ca l i ns t rumen t s a t once , and w i t h our ch i p i f
you run i t 10 t i mes f as t e r i t s t i l l can t qu i t e do t ha t - - i t can gene r a t e one ve r y f as t i ns t rumen t bu t no t t en a t once .
D i ck ' s speech ch i p has an ex t r a degr ee o f f l ex i b i l i t y t ha t l e t s you be t en t h i ngs a t once i ns t ead o f one t h i ng ve r y
f as t . I n f ac t h i s ch i p i s no t ve r y good a t do i ng one t h i ng ve r y f as t , so he cou l dn ' t make ve r y good mus i c f or ba t s bu t
he cou l d maybe ana l yze sounds f rom seve r a l m i c rophones a t once . Tha t cos t s h i m a l o t ; he has ha l f h i s ch i p
ded i ca t ed t o ge t t i ng da t a f rom whe r e i t ' s com i ng f rom t o whe r e i t ' s go i ng and by t he way s t or i ng i t t empor a r i l y i n
be t ween . Tha t ' s t he ex t r a cos t o f t ha t ex t r a gene r a l i t y . And t ha t ' s t he t r adeo f f you make depend i ng on wha t you
wan t t o do . The d i scuss i on among peop l e who do t hese spec i a l i zed a r ch i t ec t ur es i s ano t he r l eve l up f rom a l l t h i s ,
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name l y , now t ha t you ' ve go t t h i ngs t ha t run 1000 t i mes as f as t as a gene r a l purpose compu t e r wou l d on t he same
prob l em , can you make i t 10 , 000 t i mes or 100 , 000 t i mes f as t e r - - can you ge t an even be t t e r ma t ch t o t he prob l em
wh i ch uses t he s i l i con i n even a be t t e r way? I t ' s j us t amaz i ng when peop l e s t a r t p l ay i ng t h i s game . I t ' s no t j us t mor e
concur r ency , i t ' s a l gor i t hms t ha t a r e mor e t hough t - t hrough , t i gh t e r . I n f ac t bo t h D i ck and I have t r aded o f f f or
gene r a l i t y t he u l t i ma t e i n pe r f ormance . The r e wou l d have been ways f or each o f us i f we ' d wan t ed t o be r ea l l y
spec i a l i zed t o make t he t h i ngs ano t he r orde r o f magn i t ude f as t e r . We chose t o have some gene r a l i t y i ns t ead . For
examp l e we bo t h use a l o t mor e b i t s o f accur acy t han a r e needed f or mos t o f t he prob l ems we ' r e a t t ack i ng , because
occas i ona l l y you sudden l y need mor e b i t s , so you spend t he b i t s a l ways and pay a b i g cos t , bu t t h i s means you
don ' t o f t en run i n t o a prob l em whe r e you don ' t have enough b i t s . Tha t ' s one o f t he d i mens i ons o f va r i ab i l i t y , how
many b i t s you choose t o pu t i n . We use 64 - b i t accumu l a t or s . Mos t peop l e who do mus i c syn t hes i s wou l d say t ha t ' s
ou t r ageous , we ' r e t hrow i ng away r esour ces .

GENE : Today t o ge t an upda t ed ve r s i on o f a so f t wa r e package I buy a f l oppy d i sk . How wou l d I upda t e my
compu t e r i f eve r y t h i ng ' s i n ha rdwa r e? Buy a new boa rd?

CARVER : The r e ' s a l i t t l e company i n t he bay a r ea ca l l ed S i l i con So l u t i ons , I nc . You shou l d t a l k t o t hem because
t hey make an a l gor i t hm i n s i l i con . They f ounded t h i s company on t he pr em i se t ha t a l gor i t hms i n s i l i con a r e go i ng
t o be t he f u t ur e . The i r f i r s t produc t checks des i gn ru l es on i n t egr a t ed c i r cu i t s . So i t ' s an i n t egr a t ed c i r cu i t t ha t
checks f or e r ror s i n t he nex t i n t egr a t ed c i r cu i t . The nex t t h i ng t hey ' r e bu i l d i ng i s a ch i p s i mu l a t or . Wha t t hey d i d i s
make an add - on f or a s t anda rd wor ks t a t i on . So you can p l ug t he ca rd i n t o your wor ks t a t i on ' s mu l t i bus s l o t . And
t he r e ' s a l i t t l e so f t wa r e package t ha t goes w i t h your s t anda rd UN I X ope r a t i ng sys t em - - wor ks t a t i ons a r e a l l UN I X
based - - and now you can be up and runn i ng w i t h t he i r des i gn - ru l e - checke r i n your wor ks t a t i on . So i ns t ead o f a
d i sk t ha t you p l ug i n t o your d i sk s l o t t he r e ' s a boa rd you p l ug i n t o t he boa rd s l o t . The r e ' s a ch i p t ha t i mp l emen t ed
t he E t he rne t pro t oco l . I t go t bu i l t on a l i t t l e boa rd t ha t p l ugs i n t o t he PC . So t ha t ' s an examp l e o f an a l r eady ex i s t i ng
approach . When you buy so f t wa r e on a d i sk you pay f i ve do l l a r s f or t he f l oppy and t hr ee - hundr ed do l l a r s f or t he
i deas i n i t . A boa rd cos t s abou t t he same , maybe t en or t wen t y do l l a r s f or a cheap boa rd i ns t ead o f f i ve do l l a r s f or a
f l oppy d i sk . Or even i f i t was $100 f or t he boa rd you ' r e ge t t i ng i ns t ead o f some t h i ng new bu t j us t as s l ow as eve r ,
i t does some t h i ng new bu t 1000 t i mes f as t e r . So t ha t f ac t or o f 1000 cos t s you a hundr ed bucks ove r wha t i t wou l d
be i f i t was a so f t wa r e package . And you ge t a f ac t or o f 1000 . Tha t ' s a pr e t t y good pr i ce . Tha t ' s a f ac t or o f t en pe r
do l l a r .

End o f Ca r ve r 3
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Ca r ve r Mead I n t e r v i ew Pa r t I V
(W i t h D i ck Lyon , Sch l umbe rge r A I r esea r che r )
By : Gene Youngb l ood
(Documen t 4 o f 4 o f Mead I n t e r v i ew)

D I CK : You asked abou t wha t i t ' s l i ke t o des i gn a l gor i t hms when i t ' s no t j us t Pasca l progr ams or some t h i ng . I t ' s a
d i f f e r en t game , bu t peop l e who des i gn a l gor i t hms a l ways do i t w i t h some t a rge t compu t i ng t echno l ogy i n m i nd ,
whe t he r i t ' s a gene r a l purpose compu t e r or f u l l cus t om s i l i con or maybe you ' r e des i gn i ng t he i n t e r connec t pa t t e rn f or
Ca r ve r ' s ch i p t o make a new i ns t rumen t mode l . Wha t eve r your t a rge t t echno l ogy i s , t ha t de f i nes t he game you ' r e
p l ay i ng when you des i gn a l gor i t hms . The nea t t h i ng abou t cus t om s i l i con i s t ha t you ' ve go t a l o t o f new k i nds o f
games o t he r t han j us t t r y i ng new progr ams . So des i gn i ng mus i ca l i ns t rumen t s i s a new k i nd o f game . You come up
w i t h a l gor i t hms t ha t you cou l d have wr i t t en i n a gene r a l purpose progr amm i ng l anguage bu t you probab l y wou l dn ' t
have , because i f you had a gene r a l purpose compu t e r t o p l ay w i t h , you wou l d have done some t h i ng d i f f e r en t - - mor e
comp l i ca t ed , probab l y ; mor e e f f i c i en t maybe . I f you ' r e des i gn i ng f rom ba r e s i l i con and you have t o make a new
a l gor i t hm , t he game i s w i de open . A l l you know i s you ' r e mak i ng i t ou t o f subm i c roscop i c t r ans i s t or s . I f you ' r e
des i gn i ng w i t h i n t he con t ex t o f somebody ' s s i l i con comp i l e r , you ' r e a l i t t l e mor e r es t r i c t ed t han t ha t - - you know you
can make i t ou t o f pr ede f i ned modu l e t ypes and r eg i s t e r t ypes and bus s t ruc t ur es and so on . so t ha t de f i nes t he ru l es
o f t he game . A progr amm i ng l anguage pu t s a l o t o f pr econcep t i ons i n your head abou t wha t you shou l d do w i t h a
compu t e r .

CARVER : I n f ac t you do t h i ngs ve r y d i f f e r en t l y i n d i f f e r en t progr amm i ng l anguages. No t because you cou l dn ' t do
t he same t h i ng i n t wo d i f f e r en t l anguages bu t because t he way you t h i nk i n one l anguage l eads t o a way o f do i ng i t
wh i ch i s na t ur a l i n t ha t l anguage . Even t hough you cou l d have t hough t i n ano t he r way i t ' s no t as na t ur a l . So t he
l anguage o f s i l i con has ce r t a i n t h i ngs t ha t a r e ex t r eme l y na t ur a l t o i t . The i dea o f r egu l a r i t y ma t ches ve r y we l l t he
i dea t ha t commun i ca t i on i s ve r y expens i ve . I f you t h i nk o f t h i ngs l oca l l y and have t hem commun i ca t e no t t oo
g l oba l l y w i t h t oo many o t he r t h i ngs , a ) : i t he l ps you t o t h i nk abou t i t and make r egu l a r s t ruc t ur es , and b ) : i t a l so
makes t h i ngs t ha t a r e ve r y h i gh pe r f ormance . Tha t was t he pa r t t ha t t he o l d s i l i con hacke r s m i ssed . They d i dn ' t
unde r s t and t ha t a r egu l a r des i gn can produce be t t e r pe r f ormance t han some i r r egu l a r way . Because you f or ce your
t hough t processes t o encompass t he ove r a l l way t ha t t he t h i ng wor ks .

D I CK : You s t i l l ge t ques t i ons f rom peop l e who don ' t know enough abou t i t who a r e s t eeped i n t he o l d l or e bu t don ' t
unde r s t and ve r y much . They ask t h i ngs l i ke " I f you des i gn a ch i p i n t he Mead - Conway s t ruc t ur ed s t y l e , how much
pe r f ormance do you have t o g i ve up : 20 pe r cen t , 30 pe r cen t ? " I say t ha t ' s a s i l l y ques t i on . The ques t i on i s how much
pe r f ormance can you ga i n . They t h i nk o f t he s t ruc t ur e as be i ng an a r t i f i c i a l l i m i t a t i on , wh i ch i t i s , bu t i t a l l ows you
t o do t h i ngs you cou l dn ' t or wou l dn ' t do o t he rw i se . And you ge t t o i nven t t he s t ruc t ur e , wh i ch means you make your
prob l em eas i e r no t on l y a t t he bo t t om l eve l o f hack i ng t r ans i s t or s bu t a t t he nex t l eve l up - - you can do c r ea t i ve
des i gn and a l gor i t hm p l ann i ng a t a h i ghe r l eve l and make i t easy t o bu i l d t he who l e t h i ng and make i t e f f i c i en t .
I ns t ead o f do i ng i t t he o l d way whe r e you dr aw many pages o f schema t i cs and t hen have somebody t r y t o f or ce i t
i n t o t he ch i p .

GENE : Why can ' t we ge t bo t h VLS I and h i gh speed a t t he same t i me?

CARVER : I n 1956 when I was a s t uden t i t was t hough t t ha t i f you make a b i gge r t r ans i s t or i t a l ways go t s l owe r .
Tha t was t he common expe r i ence o f t he day . So t h i s one company sa i d i f I make a t i ny t r ans i s t or I can make i t
f as t e r , and i f I make a bunch o f t hese l i t t l e t r ans i s t or s and pu t t hem a l l i n pa r a l l e l , why i sn ' t t ha t f as t e r? We l l i t i s
f as t e r . Because a l l t he pa r as i t i cs t ha t l oaded down t he b i g t r ans i s t or s a r en ' t a prope r t y o f t he i nd i v i dua l t r ans i s t or ; t he
r ea l prob l em was t ha t peop l e we r e sca l i ng t h i ngs wrong t o make t he b i g t r ans i s t or s . They we r e t h i nk i ng abou t i t
wrong . And t hese guys had f i gur ed i t ou t . They asked me t o prove sc i en t i f i ca l l y t ha t you don ' t have t o ge t some t h i ng
t ha t goes s l owe r and t akes mor e powe r i f you make i t b i gge r . So I ana l yzed wha t was ac t ua l l y go i ng on t he r e and
t ha t ' s ac t ua l l y wha t go t me s t a r t ed t h i nk i ng on t h i s who l e t r a i n o f sca l e - - t he ve r y f i r s t consu l t i ng j ob I eve r had . I t
t urns ou t t ha t i t ' s t he same k i nd o f m i sconcep t i on when peop l e assume some t h i ng i s cons t an t t ha t i sn ' t when you
sca l e .
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GENE : I f t ha t ' s t he case , t hen , can we pu t a numbe r on t he speed l i m i t o f t he Von Neumann compu t e r?

CARVER : We can do t ha t ve r y we l l . Le t ' s do a one - ch i p mach i ne . Th i ngs a r e sca l i ng i n such a way t ha t t he
powe r / de l ay produc t i s ge t t i ng be t t e r by some t h i ng be t ween t he squa r e and t he cube o f t he sca l i ng f ac t or . As you ge t
c l ose t o t he l i m i t s you don ' t ge t t he who l e cube l aw any mor e . So i f you t ake t he m i n i mum- s i ze t r ans i s t or s - - qua r t e r -
m i c ron - - you have ga t e de l ay t i mes i n t he 10 p i cosecond r ange . Peop l e have a l r eady made c i r cu i t s w i t h 30
p i coseconds and t he l a t es t I hea rd was 18 p i coseconds i n subm i c ron CMOS . And i t ' s go i ng t o ge t be t t e r . So t he
speed l i m i t o f one i so l a t ed ga t e no t dr i v i ng any t h i ng w i l l be i n t he 10 p i cosecond r ange ; see , t he prob l em w i t h t he
Von Neumann a r ch i t ec t ur e i s t hey have t hese damn l ong w i r es you have t o dr i ve , wh i ch i s i nhe r en t i n t he l a rge
RAM con f i gur a t i on - - so you need e i t he r l ong w i r es or many s t ages o f de l ays . So you can say , we l l , wha t do I have
t o do t o dr i ve t ha t t h i ng? We l l , t he w i r es i n t e rms o f t he t echno l ogy unde rnea t h , a r e ge t t i ng l onge r because you s t i l l
wan t t he w i r e t o go c l ea r ac ross t he ch i p because you ' r e bu i l d i ng a b i gge r mach i ne ; on t he o t he r hand t he t r ans i s t or
i t se l f i s ge t t i ng be t t e r ab l e t o dr i ve , because t he channe l l eng t hs a r e shor t e r and t he subm i c ron t r ans i s t or s a r e
s t ronge r f or a g i ven l eng t h . So when you add i t a l l up , t he ac t ua l speed ge t s be t t e r abou t l i nea r l y w i t h t he sca l i ng . So
f rom whe r e we a r e now i n dev i ce s i ze - - say 1 . 25 m i c ron - - t ha t ' s a f ac t or o f f i ve f rom t he . 25 - m i c ron t echno l ogy ,
and i t runs a t abou t 20 MHz . So you can l ook f orwa rd - - i f you ' r e go i ng t o bu i l d a m i c rocompu t e r t ha t f i l l s a ch i p a t
a qua r t e r - m i c ron and you have good process i ng and you ' ve done t h i ngs sens i b l y , you can l ook f orwa rd t o i n excess
o f 100 MHz c l ock r a t es f or t hose t h i ngs . Tha t ' s a l r eady r espec t ab l e by t he s t anda rds o f peop l e l i ke Cr ay . And you
can l ook f orwa rd t o t he same k i nd o f comp l ex i t i es you have on t hose k i nds o f mach i nes . R i gh t now you have
comp l ex i t i es l i ke you have on VAXes on one ch i p , t he r e ' s no r eason you can ' t have a comp l ex i t y on t he orde r o f a
Cr ay on one ch i p by t ha t t i me . And t he powe r pe r un i t a r ea wou l d be abou t t he same as i t i s t oday.

GENE : So t he u l t i ma t e speed o f t he Von Neumann mach i ne i s abou t t en t i mes wha t i t i s t oday , t ha t i s , t en
t i mes a Cr ay?

CARVER : No . You ' d be j us t abou t ge t t i ng i n t he r ange on one ch i p whe r e Cr ay i s t oday by t he t i me you do a l l t ha t .
The speed l i m i t on a s i ng l e ch i p i s abou t a Cr ay . Tha t ' s a good numbe r t o keep i n your head : you ' l l ge t abou t one
Cr ay on a ch i p , i nc l ud i ng t he c l ock r a t e and eve r y t h i ng , by t he t i me you push ord i na r y MOS dev i ces as f a r as t hey ' r e
go i ng t o go . Tha t i s , i f you choose t o make a Cr ay . Wh i ch i s an e l abor a t ed or ex t ended ve r s i on o f t he Von Neumann
a r ch i t ec t ur e w i t h vec t or process i ng . So we ' r e t a l k i ng be t ween 50 and 100 mega f l ops depend i ng on how we l l i t s
done .

GENE : And how much speedup w i l l we ge t f rom new ma t e r i a l s l i ke ga l l i um a r sen i de? A f ac t or o f t en mor e?

CARVER : I doub t i t . F i r s t , f undamen t a l l y you can ' t make i t as sma l l as s i l i con . The r eason ga l l i um a r sen i de i s f as t i s
because t he e l ec t ron mob i l i t y i s h i gh . The r eason t he mob i l i t y i s h i gh i s because t he e f f ec t i ve mass i s l ow . Th i s
means t he t unne l i ng d i s t ances a r e l onge r . The r e ' s a d i r ec t r e l a t i onsh i p be t ween e f f ec t i ve mass and how f a r you can
t unne l . S i nce t unne l i ng i s one o f t he t h i ngs t ha t r es t r i c t s how sma l l you can make dev i ces , t o t he ex t en t t ha t t ha t ' s t he
l i m i t i ng f ac t or - - and i t does en t e r i n subm i c ron dev i ces - - you ' l l bump aga i ns t i t soone r w i t h ga l l i um a r sen i de t han
you w i l l w i t h s i l i con . Exac t l y how a l l t ha t comes ou t i s no t known r i gh t now . Nobody has ye t done i t . Meanwh i l e
peop l e a r e wor k i ng on some ve r y f ancy t h i ngs ca l l ed supe r l a t t i ce s t ruc t ur es wh i ch g i ve ex t r eme l y h i gh mob i l i t i es .
Bu t exac t l y how t he dev i ce s t ruc t ur es a r e go i ng t o sca l e i s some t h i ng we need t o know . These a r e compound l aye r s
whose l a t t i ces ma t ch and you can make t he bandgap go up and down by a sor t o f s t a i r s t ep t h i ng . Tha t makes a
quan t um e f f ec t on t he e l ec t rons . I t bas i ca l l y shapes t he bandgap i n a n i ce way and a l r eady McG i l l has wor ked ou t a
t heor y f or t ha t and t he measur ed sh i f t i n t he pho t o - em i ss i on has t urned ou t t o agr ee exac t l y w i t h h i s t heor y . Tha t
wou l d be t he HEMT dev i ce . Tha t may ge t you t he f ac t or o f t en or even mor e i n t e rms o f r aw speed . Bu t you can ' t
t ake t he numbe r s f or i nd i v i dua l dev i ces and app l y t hem t o l a rge - sca l e c i r cu i t s because . For i ns t ance wha t ' s wrong
w i t h ga l l i um a r sen i de t echno l ogy r i gh t now i s no t t he i nd i v i dua l dev i ces . They wor k be t t e r t han you wou l d have
t hough t . They ' r e be t t e r t han my f i r s t pr ed i c t i ons , because t he r e ' s a f l uke , t he r e ' s a v i o l a t i on o f Murphy ' s Law t ha t
happens . When an e l ec t ron goes i n unde r t he ga t e you ' d t h i nk i t wou l d come up t o sa t ur a t ed ve l oc i t y - - wh i ch i s on l y
a l i t t l e be t t e r i n ga l l i um a r sen i de t han i n s i l i con - - bu t i t t urns ou t t hey do a ba l l i s t i c ove r shoo t , so t hey ac t ua l l y , f or
shor t channe l i ngs , go f as t e r t han t he sa t ur a t ed ve l oc i t y because t hey haven ' t s t a r t ed t o have enough co l l i s i ons ye t .
Tha t was a v i o l a t i on o f Murphy ' s Law o f t he f i r s t orde r . I t was wonde r f u l . The r ea l prob l em w i t h t ha t k i nd o f
t echno l ogy i s t ha t t he r e ' s on l y one k i nd o f dev i ce - - a dep l e t i on mode dev i ce . So you have t o have t he ga t e vo l t age
o f oppos i t e po l a r i t y f rom t he dr a i n vo l t age , wh i ch means you have t o l eve l sh i f t be t ween eve r y s t age . I t ' s hor r i b l e ,
j us t l i ke t he o l d vacuum t ube t h i ngs . And i t t urns ou t t ha t ends up t ak i ng mor e space t han t he c i r cu i t by a l o t . So i t
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i sn ' t a t a l l c l ea r t ha t t he dens i t i es w i l l eve r be compe t i t i ve w i t h wha t you can do i n s i l i con .

D I CK : Bu t f or t ha t same r eason i t wou l d probab l y make poss i b l e ve r y h i gh dens i t y , ve r y f as t memor i es . And you
m i gh t s t i l l be ab l e t o ge t a Cr ay - s i ze Von Neumann mach i ne on a ch i p because t he memor y i s whe r e mos t o f i t goes .
I n f ac t as you eve r y t h i ng up and t he amoun t o f g l oba l w i r i ng ge t s mor e and mor e dom i nan t , t he amoun t o f memor y
ge t s b i gge r and b i gge r , t he powe r o f t he a r i t hme t i c processor goes up a l i t t l e b i t and t ha t ' s i t . So t he b i gges t t h i ng
goes i n t o mor e w i r e , t he nex t b i gges t t h i ng goes i n t o mor e memor y , and t he l eas t ga i n i s i n t he processor . Th i s i s
wha t peop l e have been do i ng . When you grow a Von Neumann mach i ne i n any t echno l ogy t ha t ' s wha t happens
whe t he r i t ' s on a ch i p or no t . Cr ay i s a depa r t ur e f rom t ha t because t hey f i gur ed ou t how t o pu t a l o t mor e i n t he
process i ng ; bu t i t ' s l ess Von Neumann - l i ke t han o t he r mach i nes .

CARVER : Cr ay i s one o f t he peop l e who f rom day one r ea l i zed t ha t , we l l , he sa i d t wo t h i ngs . He sa i d compu t e r
des i gn has t wo prob l ems . One i s how you ge t t he hea t ou t . The second i s how you keep t he t h i ckness o f t he w i r i ng
ma t w i t h i n bounds . He t hough t t he key t o h i s des i gn was ge t t i ng t he hea t ou t . We l l we can t ake ca r e o f mak i ng mor e
comp l ex t h i ngs w i t h l ess hea t by j us t sca l i ng down t he s i l i con . So t ha t pa r t i sn ' t t he key ; bu t t he o t he r pa r t i s , t he
w i r i ng managemen t . And he was t he on l y ma j or compu t e r des i gne r t ha t I know o f who spec i f i ca l l y t wen t y yea r s ago
i den t i f i ed t he t h i ckness o f t he w i r i ng ma t as t he dom i nan t t h i ng abou t compu t e r des i gn . Eve r ybody e l se was say i ng
we l l you have t o have t he x - y - z i ns t ruc t i on and t he r e ' s t h i s and t ha t , and he was say i ng no , i t ' s t he t h i ckness o f t ha t
w i r i ng ma t .

GENE : W i l l t he r e eve r be a Von Neumann mach i ne w i t h a one nanosecond c l ock .

CARVER : The r e m i gh t be . We a l r eady go t you t o unde r t en nano - seconds w i t h our l i t t l e ch i p a t a qua r t e r - m i c ron .
You cou l d do i t t oday w i t h a sma l l enough Von Neumann mach i ne . A r ea l s i mp l e mach i ne . You ' d come c l ose t o t ha t
t oday us i ng subm i c ron CMOS . They ' ve a l r eady demons t r a t ed . 8 - m i c ron CMOS w i t h 35 - p i cosecond ga t es . You
cou l d no doub t make a c r ed i b l e one - nanosecond sma l l Von Neumann mach i ne . I f i t was on l y e i gh t b i t s w i de and
had on l y t hr ee r eg i s t e r s . Or i f you bu i l t i t l i ke Cr ay d i d and p i pe l i ne t he he l l ou t o f i t . And we cou l d ce r t a i n l y make
t hese b i t - se r i a l t h i ngs t o run t ha t f as t . Tha t ' s our mus i c ch i ps and D i ck ' s speech ch i p , whe r e you do one b i t a t a t i me .
Because t he s i gna l s on l y have t o go t o t he nex t s t age i ns t ead o f go i ng c l ea r ac ross t he ch i p .

GENE : I s R I SC a r ch i t ec t ur e r e l evan t on l y t o Von Neumann a r ch i t ec t ur e?

CARVER : Yes , and wha t i t r ea l l y means i s some t h i ng t hey d i d ea r l y on and f orgo t abou t l a t e r . Peop l e used t o bu i l d
a l l mach i nes as r educed i ns t ruc t i on se t s because t hey cou l dn ' t a f f ord any t h i ng e l se . The bes t examp l e o f t ha t was t he
o l d Da t a Gene r a l Nova , wh i ch had a r ea l s i mp l e i ns t ruc t i on se t . Eve r s i nce t hen t hey bu i l t i n eve r mor e e l abor a t e
i ns t ruc t i on se t s , be l i ev i ng t ha t i t was go i ng t o make t he i r compu t e r s run f as t e r . And i t t urns ou t t ha t wha t l i m i t s your
compu t e r i s t he l oad i ns t ruc t i on and t he s t or e i ns t ruc t i on and t he i ndex ca l cu l a t i ons . I f you do t hose f as t i t doesn ' t
much ma t t e r wha t e l se you do . And i t doesn ' t a t a l l ma t t e r how f as t you do a r i t hme t i c . So peop l e f i na l l y wen t back
and r ed i scove r ed t he f ac t t ha t had been known f or a l ong t i me by good compu t e r des i gne r s : t ha t i t doesn ' t r ea l l y
much ma t t e r wha t you do w i t h i ns t ruc t i ons i f you ge t t he bas i c ones r ea l f as t . So t hey sa i d why pu t i n a l l t he o t he r s ,
why no t j us t make t hem up ou t o f t hese pr i m i t i ves? You have t o have a comp i l e r t ha t ' s sma r t enough t o do a decen t
j ob o f t ha t .

D I CK : The o t he r a rgumen t i s t ha t t he mach i nes w i t h comp l i ca t ed i ns t ruc t i on se t s don ' t r ea l l y ge t any advan t age
f rom t hem un l ess you have a comp i l e r t ha t ' s sma r t enough t o f i gur e ou t when t o use comp l i ca t ed i ns t ruc t i ons . W i t h
t he R I SC you may ge t be t t e r pe r f ormance even w i t h a ve r y s i mp l e comp i l e r .

CARVER : Bu t i n f ac t nobody has ye t done t he r ea l expe r i men t o f ac t ua l l y mak i ng a comp l e t e sys t em w i t h a
comp l e t e ope r a t i ng sys t em and eve r y t h i ng on one o f t hese R I SC t h i ngs and ac t ua l l y hones t - t o - god pu t t i ng i t s i de by
s i de w i t h some o t he r compu t e r and g i ven i t t he smoke t es t . Tha t ' l l no doub t happen bu t i t ' s i nc r ed i b l y l a t e i n com i ng ,
because t he f i gur es peop l e quo t e a r e concoc t ed examp l es r a t he r t han r ea l hones t - t o - god t h i ngs happen i ng .

GENE : Sur e l y t he r e w i l l a l ways be a supe r compu t e r , because t he r e ' l l a l ways be t he t en - m i l l i on - do l l a r
mach i ne .

CARVER : Oh bu t you know wha t i t ' s go i ng t o be? I t ' s go i ng t o be one o f t hese ch i ps t ha t has t he Cr ay on i t and a
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bunch o f memor y and d i scs and a l l t ha t , wh i ch w i l l ea t up a who l e l o t o f money , and t hen i t ' s go i ng t o be a box t ha t
has one k i nd o f spec i a l purpose ch i p on i t wh i ch does t he s i gna l process i ng t h i ngs , and ano t he r ca rd t ha t has ano t he r
k i nd o f ch i p wh i ch does t he geome t r y ca l cu l a t i ons , and ano t he r ca rd w i t h ch i ps t ha t do wha t eve r e l se . When you t a l k
abou t ex t end i ng t he i ns t ruc t i on se t . . . i t ' s l i ke r i gh t now when you buy a mach i ne you ge t an a r i t hme t i c acce l e r a t or
and you p l ug i t i n and i t runs t en t i mes as f as t do i ng f l oa t i ng - po i n t . So you ' l l have some t h i ng t ha t runs t en - t housand
t i mes as f as t do i ng s i gna l process i ng . And some t h i ng t ha t runs a m i l l i on t i mes as f as t do i ng gr aph i cs r ende r i ng . And
some t h i ng t ha t runs a hundr ed - t housand t i mes as f as t do i ng wha t eve r e l se you ' r e do i ng . The r e ' l l be t hese ca rds
wh i ch a r e t hese acce l e r a t or s f or spec i a l c l asses o f prob l ems . And t hey ' l l p l ug i n t o t h i s t h i ng . The r e w i l l a l ways be
ca rd cages and powe r supp l i es and f ans (or c r yogen i c coo l i ng sys t ems ) bu t t he t h i ng you p l ug i n t he r e i s go i ng t o
have a god - aw f u l amoun t o f capab i l i t y compa r ed w i t h t he l i t t l e poor w i zened Cr ay t ha t ' s s i t t i ng on t ha t one ch i p .

D I CK : The i n t e r es t i ng prob l em i s t o f i gur e ou t how t he r e w i l l be t en - m i l l i on - do l l a r mach i nes . I mean , wha t pa r t o f
t ha t a r e go i ng t o spend your money on . I be l i eve t he r e w i l l s t i l l be such mach i nes bu t t hey ' l l probab l y be dom i na t ed
by head - pe r - t r ack d i scs or some t h i ng l i ke t ha t . You ' l l spend n i ne ou t o f t he t en m i l l i on do l l a r s ge t t i ng enough
seconda r y s t or age and i / o bandw i d t h t ha t ' s f as t enough t o keep up w i t h t he t h i ng . Any one o f our l i t t l e ch i ps can
gene r a t e da t a a god - aw f u l amoun t f as t e r t han any d i sc can soak i t up . We so l ve t he prob l em by j us t pu t t i ng i t ou t on
a l oudspeake r . We neve r s t or e samp l es a t a l l , eve r ; and i t may be t ha t f or some app l i ca t i ons you neve r wou l d need t o
s t or e a l l t ha t da t a .

D I CK : I n t he speech ana l ys i s prob l em , you come i n w i t h some samp l ed speech , wh i ch may be a t a r easonab l y l ow
r a t e l i ke you ge t o f f a t e l ephone sys t em , maybe be t t e r qua l i t y . I n t he i n t e rmed i a t e ca l cu l a t i ons you end up w i t h
p l aces i n your b l ock d i agr am be t ween t he f i r s t b l ock and t he second b l ock whe r e t he da t a r a t e may be 100 t i mes
h i ghe r t han wha t you s t a r t ed ou t w i t h . The r e ' s no way you ' r e go i ng t o f eed t ha t back i n t o your gene r a l purpose
compu t e r or pu t i t on d i sc or any t h i ng e l se . Bu t i f you pu t spec i a l i zed s t u f f ou t t he r e t o keep dea l i ng w i t h i t un t i l
you ' ve go t t en c l ose t o an answe r , un t i l you ' ve na r rowed i t down t o wha t word was sa i d , t hen you can t hrow away a l l
t ha t i n t e rmed i a t e da t a . i t ' s a t r emendous amoun t o f da t a bu t you don ' t need t o keep i t . You j us t l ook a t i t t o ex t r ac t
t he nex t s t u f f f rom i t and you t hrow i t away . Pu t i t i n t he b i t - bucke t .

GENE : Wha t you guys a r e do i ng i s amaz i ng .

D I CK : I t ' s happen i ng so f as t t ha t even new eng i nee r i ng gr adua t es a r en ' t awa r e o f t he ha l f o f i t .

GENE : Any g i ven app l i ca t i on a l ways has a l i m i t i ng case . I n i mag i ng , you don ' t need t o compu t e mor e t han
wha t your d i sp l ay dev i ce can show .

CARVER : The r e ' s no po i n t i n mak i ng a p i c t ur e f as t e r t han r ea l t i me , any mor e t han t he r e i s i n me mak i ng samp l es
f as t e r t han r ea l t i me .

GENE : A l vy Ray Sm i t h t h i nks you need a comp l ex i t y o f 80 m i l l i on po l ygons pe r f r ame f or pho t or ea l na t ur a l
phenomena .

CARVER : Tha t ' s a J i m Ka j i ya measur e : a comp l ex scene has mor e t han one po l ygon pe r p i xe l . Ac t ua l l y i t t urns ou t
t he r e a r e some ve r y i n t e r es t i ng prob l ems assoc i a t ed w i t h scenes t ha t a r e much mor e comp l ex t han one po l ygon pe r
p i xe l . Wh i ch i s t he k i nd our guys dea l w i t h .

GENE : So l e t ' s say we r each some a rb i t r a r y po i n t beyond wh i ch no mor e compu t a t i on powe r i s needed , t hen
you ' r e say i ng t ha t i t ' s probab l y go i ng t o be poss i b l e t o pu t t ha t k i nd o f powe r on a boa rd and t ha t ' s t ha t .

CARVER : You j us t use i t un t i l you ge t a be t t e r i dea o f how t o do i t , be t t e r a l gor i t hms . The r ea l i n t e r es t i ng prob l em
now i s t he or i g i n o f l i f e prob l em , r i gh t ? I t ' s t he t h i ng I t a l ked abou t w i t h t he " Newma t h " company . They ' r e wor k i ng
t he or i g i n o f l i f e prob l em . They wan t t o des i gn s i l i con a l gor i t hms so t hey ' r e bu i l d i ng t h i ngs t ha t ' l l he l p t hem do t ha t
- - and by t he way t hey can se l l t ha t t oo , because o t he r peop l e w i l l wan t t o make s i l i con a l gor i t hms t oo - - peop l e who
wan t t o make be t t e r gr aph i cs a l gor i t hms , who ' s go i ng t o he l p t hem? Because you ' ve go t t o f i gur e ou t i f your i deas
a r e r i gh t be f or e you go and make t he be t t e r gr aph i cs a l gor i t hm . So t he r e ' s a l ways go i ng t o be room f or a t h i ng t ha t ' s
mor e gene r a l t han t he spec i f i c t h i ng because somebody has t o i nven t t he nex t one . So you ' l l need a deve l opmen t
sys t em t ha t ' s an eng i nee r i ng wor k - s t a t i on f or peop l e do i ng compu t e r gr aph i cs , or speech or mus i c - - wh i ch i s no t
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r ea l l y a gene r a l purpose compu t e r bu t i t mor e gene r a l t han t he f i na l s i l i con a l gor i t hms i t w i l l produce .

D I CK : Th i s i s exac t l y t he i dea t ha t mo t i va t ed my a r ch i t ec t ur e : make a mach i ne much mor e gene r a l t han wha t I
wan t ed t o do . So t ha t I cou l d expe r i men t w i t h a l gor i t hms on t ha t mach i ne . So t ha t t he nex t t i me a round I ' l l know
wha t I wan t t o do and I can pu t i t i n s i l i con .

GENE : So say we ' ve go t t he l i m i t s o f wha t we need t o do on one ca rd o f spec i a l i zed ch i ps , and I ' ve go t my
gene r a l purpose compu t e r con t ro l l i ng i t . So you ' r e say i ng t ha t a t t ha t po i n t a supe r compu t e r wou l d be a
sys t em l i ke t ha t bu t one wh i ch wou l d do a l l t hese t h i ngs .

CARVER : And a l o t o f t hem . So t ha t your i ns t ruc t i ons , i ns t ead o f be i ng a l oad i ns t ruc t i on or a s t or e i ns t ruc t i on - -
you s t i l l have t hose - - bu t wha t you r ea l l y do i s you say go Four r i e r - t r ans f orm t h i s , go r ende r t h i s d i sp l ay l i s t on t he
sc r een w i t h t he r ay - t r ac i ng boa rd , go ana l yze t h i s speech w i t h t h i s o t he r boa rd .

GENE : Bu t i n f ac t a ne t wor k i n wh i ch t hose f unc t i ons a r e d i s t r i bu t ed , each node w i t h a pa r t i cu l a r spec i a l t y ,
wou l d be equ i va l en t t o t he supe r compu t e r . You cou l d syn t hes i ze a supe r compu t e r by hav i ng sma l l processor s
on a ne t wor k .

CARVER : I t h i nk t ha t t h i ng you j us t sa i d i s go i ng t o r ep l ace t he supe r compu t e r as a concep t : you have se r ve r s on a
ne t wor k . You have a se r ve r t ha t does t he Four i e r ana l ys i s and a se r ve r t ha t does t he gr aph i cs r ende r i ng and so on ,
i ns t ead o f t h i nk i ng o f i t as be i ng i n one box . Because t hen i t ' s j us t a much mor e conven i en t se t up . So i n f ac t I don ' t
see any gr ea t b i g b l ue boxes w i t h g i an t powe r supp l i es w i t h i n a f ew yea r s . I j us t don ' t see t hem a t a l l . Because you
can buy some t h i ng t ha t ' s go t a t housand t i mes t he capab i l i t y i n one o f t hese l i t t l e boxes you hook on a ne t wor k . Tha t
makes so much mor e sense .

GENE : So bandw i d t h i s eme rg i ng as t he ma j or bo t t l eneck .

CARVER : I t a l ways has been . I t ' s a ma j or oppor t un i t y t ha t b i gge r bandw i d t hs a r e ava i l ab l e now . F i be r s no t on l y
ca r r y mor e , t hey go l onge r d i s t ances . The ne t wor ks you ' r e l i ke l y t o f i nd i n a med i um- s i zed company or r esea r ch l ab
i s t he ne t wor k t ha t runs down t he ha l l t o t he room whe r e you ' ve go t a l l your spec i a l i zed mach i nes . So you can use
t h i s powe r f u l mach i ne f rom your own o f f i ce . Tha t k i nd o f ne t - wor k i s prov i d i ng a l o t o f powe r t o t he peop l e and
you don ' t have t o go ou t ove r t he phone company t o do any o f t ha t . Tha t ' s a dec i s i on t ha t can be made by a sma l l
company , no t a b i g company . So wha t we ' r e f i nd i ng i s t ha t a l l o f t he de f i n i t i ons o f t hese t h i ngs a r e be i ng done by t he
peop l e who a r e bu i l d i ng t he s t u f f . And t he gove rnmen t agenc i es and AT&T come a l ong l a t e r and say , " Oh , gee ! We
d i dn ' t say i t was OK . " We l l you d i dn ' t have t o say i t was OK , t hank god ; somebody go t a chance t o do i t anyway . I f
we we r e wa i t i ng a round f or a ne t wor k s t anda rd t o eme rge nobody wou l d have any ne t wor ks r i gh t now . I n f ac t we ' ve
had ne t wor ks s i nce t he m i d - 70s because peop l e j us t wen t o f f and d i d t hem . When you l eave t he bu i l d i ng , t ha t ' s
when t he po l i t i cs s t a r t . I t ' s hor r i b l e .

GENE : Whe r e a r e we now i n speech r ecogn i t i on i n r e l a t i on t o some t h i ng t ha t cou l d be pu t i n t o mos t use r
i n t e r f aces? I s t h i s t echno l ogy we ' ve j us t been t a l k i ng abou t l ead i ng t o a so l u t i on o f t he use r - i ndependen t
r ecogn i t i on dev i ce w i t h i n t en yea r s .

D I CK : Ce r t a i n l y w i t h i n t en yea r s t he r e ' s go i ng t o be a l o t happen i ng . I t ' s a dange rous f i e l d t o make pr ed i c t i ons
abou t . I f you l ook t en or t wen t y yea r s ago peop l e we r e mak i ng ve r y op t i m i s t i c pr ed i c t i ons and no t do i ng t he r i gh t
t h i ngs . Wha t ' s happened dur i ng t ha t t i me i s t ha t , i n many cases peop l e have pr e t ended t ha t t he prob l em i s
t echno l ogy l i m i t ed . So eve r y t i me t he r e ' s an advance i n I C t echno l ogy t hey make t he nex t be t t e r t h i ng , bu t i t ' s s t i l l
no good .

CARVER : I t ' s j us t l i ke m i c rocompu t e r s . The i dea s t r eam has no t go t t en be t t e r as f as t as t he t echno l ogy has . So t hey
make a much f as t e r t h i ng t ha t ' s s t i l l l ousy because i t doesn ' t have any new i deas i n i t . Tha t has happened a l o t . Jus t
l i ke t he m i c roprocessor i s an i mage o f t he ug l y o l d compu t e r s o f yes t e r yea r .

D I CK : When you r ecord w i t h j us t one m i c rophone you l ose a l o t o f i n f orma t i on . So wh i l e your t wo ea r s don ' t have
any t roub l e hea r i ng me , t h i s one m i c rophone may have mor e d i f f i cu l t y . Th i s i s one a r ea whe r e t he r e ' s a c l ea r
d i r ec t i on t ha t ' s needed i n t he speech r ecogn i t i on bus i ness - - t h i ngs t ha t l i s t en t o peop l e t a l k i ng need t o have t wo
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m i c rophones a t l eas t . They don ' t . None o f t hem do . Because peop l e haven ' t f i gur ed ou t how t o t ake advan t age o f
t ha t . Tha t ' s one o f t he t h i ngs I ' m wor k i ng on .

CARVER : Tha t ' s t he s t up i des t mos t ze ro - orde r t h i ng you can i mag i ne , bu t i t s t i l l hasn ' t been done t o t h i s day .

D I CK : And one excuse t hey make i s t ha t i t wou l d cos t t w i ce as much s i l i con t o ana l yze s i gna l s f rom t wo
m i c rophones . Tha t ' s a t o t a l l y l ame excuse , because i f you can make t he prob l em wor k by t hrow i ng s i l i con a t i t you
ough t t o . Because no t h i ng e l se i s wor k i ng . Bu t i t ' s no t t ha t s i mp l e . You ' ve go t t o have t he i deas o f wha t t o do w i t h
t he s i l i con o t he r t han pu t mor e memor y i n i t and r ecogn i ze mor e words poor l y - - wh i ch i s wha t peop l e a r e do i ng .

The key t h i ng t ha t ' s mo t i va t i ng my own r esea r ch i s t o f i gur e ou t how peop l e do i t and mode l t he human hea r i ng
sys t em . Tha t approach i s no t f a r enough a l ong ye t t o show demons t r a t ed good r esu l t s , bu t i t i s f a r enough a l ong t o
be ex t r eme l y op t i m i s t i c abou t i t .

GENE : No t f a r enough on t he b i o l ogy s i de?

D I CK : No , i n my ac t ua l i mp l emen t a t i on o f i deas . I can ' t ye t show you a sys t em t ha t ach i eves spec t acu l a r
pe r f ormance . Bu t I can show pr e l i m i na r y r esu l t s t ha t l ook encour ag i ng .

GENE : Do we know how peop l e do i t ?

D I CK : We know a l o t abou t how peop l e do i t , bu t t he r e a r e s t i l l some open ques t i ons . The r e ' s an a r ea t ha t ' s no t
r ece i v i ng enough r esea r ch a t t en t i on . The r e ' s a l o t o f r esea r ch i n t he phys i o l ogy o f t he hea r i ng sys t em and
psychophys i cs , t ha t k i nd o f t h i ng , bu t no t enough on t he compu t a t i ona l approach - - t r y i ng t o f i gur e ou t wha t a r e t he
a l gor i t hms t ha t t he human i s do i ng .

CARVER : I n f ac t , wor k l i ke t he peop l e he r e a r e do i ng i s ve r y much i n t he ve r y nea r f u t ur e , i t w i l l s t i mu l a t e a l o t o f
b i o l ogy wor k because i t w i l l r a i se ques t i ons t ha t have no t been addr essed by t he b i o l ogy commun i t y . Because
t hey ' r e no t t r y i ng t o bu i l d a sys t em and un l ess you t r y t o bu i l d i t you s i mp l y don ' t ge t f aced w i t h t hose ques t i ons . So
I t h i nk t he r e ' s go i ng t o be a syne rgy be t ween peop l e l i ke D i ck and t he b i o l og i s t s and t he psycho - acous t i c and
psycho - v i s i on peop l e t ha t i s go i ng t o r ea l l y . . . i n f ac t bo t h o f us a r e spend i ng a l o t o f our t i me do i ng t ha t now because
i t ' s j us t a ve r y gorgeous a r ea t ha t ' s a l mos t un t apped .

D I CK : The b i o l og i s t s a r e s t a r t i ng t o unde r s t and how i mpor t an t i t i s t o l ook a t t he compu t a t i ona l aspec t s , so we ' ve
f ormed some beg i nn i ngs o f some i mpor t an t co l l abor a t i ons w i t h a coup l e o f b i o l og i s t s .

CARVER : A f t e r a l l , t he r e ' s t h i s wor k i ng compu t e r t ha t does t h i s wonde r f u l t h i ng , t ha t peop l e haven ' t ana l yzed as a
compu t e r .

D I CK : How do you compa r e how a m i c roprocessor i s pu t t oge t he r t o t he way Ca r ve r ' s ch i p i s pu t t oge t he r . The bes t
t h i ng t ha t wor ks r ea l l y we l l i s a ch i p pho t o . Jus t show a p i c t ur e o f t he ch i ps . The d i f f e r ence be t ween a r egu l a r des i gn
and a non - r egu l a r des i gn doesn ' t need t o be exp l a i ned . I t ' s j us t t he r e , and s t r i k i ng l y obv i ous . Ca r ve r ' s ch i p i s s i mp l e
enough , t ha t i n add i t i on t o t ha t you cou l d ac t ua l l y wr i t e down t he en t i r e t y o f i n f orma t i on t ha t i t con t a i ns . You cou l d
wr i t e t he C I F - code (Ca l t ech I n t e rmed i a t e Form) f or t he l ayou t i n f i ve pages . I t ' s a r epr esen t a t i on o f geome t r y . You
cou l d have bas i ca l l y a pr i n t ou t o f t he compu t e r t ex t f i l e f rom wh i ch t he ch i p i s c r ea t ed . i t wou l d be i n t e r es t i ng t o
show t he ch i p , t he code t ha t c r ea t ed t he ch i p , and con t r as t t ha t w i t h t he quan t i t i es o f i n f orma t i on t ha t t he ch i p
produces . The l eve r age i s t he f ac t t ha t you pu t a l i t t l e b i t o f i n f orma t i on i n t o i t t o make t he ch i p , and t he ch i p i s ab l e
t o produce back huge quan t i t i es o f i n f orma t i on eve r y second , wh i ch sound l i ke mus i c . I t ' s an i n f orma t i on amp l i f i e r .
So t he p i c t ur es and t he l i s t i ng , even t hough i t ' s en t i r e l y un i n t e l l i g i b l e , wou l d be i n t e r es t i ng t o see t ha t t he r e a r en ' t t oo
many b i t s t he r e .
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